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ABSTRACT
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Committee Chair: Shelley Claridge

Chemical orthogonality at sub-10 nm is important in synthetic material applications.
Synthetic materials require surfaces with two very different types of chemistry. For instance,
nanoelectronics require repeating units of metal and oxide at 5- and 7-nm length scales.1-3 In
polymer solar cells, the capability to cause n-type and p-type blocks to phase segregate at length
scales < 10 nm would provide more efficient charge transport.4-6 Increasingly high resolution
patterning has been achieved using lithographic techniques to manufacture devices with features
as small as 14 nm and in some cases smaller.7-11 It is extremely difficult to precisely engineer and
fabricate 3D interfaces with features less than 10 nm and high cost is associated with it.12-14
However, nature routinely addresses a similar challenge in the context of lipid bilayer, which has
a thickness of about 6 nm. Lipid bilayer is made of phospholipids with an alternating hydrophilic
and hydrophobic pattern to control the flow of water, ions and other small molecules across the
cell membrane. The orthogonality of the lipid bilayer is hidden in the membrane core along the zaxis but for applications in nanoelectronics and organic photovoltaics, both chemical
functionalities need to be displayed on the surface. My dissertation research focused on using bioinspired molecules to create precisely patterned layered materials with chemical orthogonality of
~6 nm, and utilizing these noncovalent monolayers to achieve molecular-scale wetting control, to
create nanometer-thick film along the rows of headgroups using polar liquid as well as utilizing
these polyfunctional layered materials to template epitaxial nanocrystals of small organic
molecules. In this dissertation work, I have created nanoplates with thickness of ca. 1 nm as well
as nanorods with length ~21 nm and width ~6 nm, which is similar to the lamellar width of the
templating monolayers. These nanostructures adopt epitaxial alignment along the lamellae of the
amphiphilic monolayers. My thesis work shows potential strategies useful for precise interfacial
patterning for synthetic material applications at very short length scales.
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INTRODUCTION

1.1

1.1.1

Contact Angle

Macroscale Wettability
When a liquid drop interacts with a surface, a wetting phenomenon is observed. The

relationship between a macroscopic liquid drop and an ideally flat solid surface is described using
Young’s contact angle equation, γlv cos θY = γsv − γsl, based on the liquid-vapor, solid-vapor and
solid-liquid interfacial tensions.15-17 Figure 1.1 compares the different types of wettability. When
a liquid spreads on a surface, this behavior results in contact angle < 90°, which is described as
high wettability. Otherwise, contact angle > 90° corresponds to a non-wetting phenomenon.15
Wettability is highly dependent on both the chemical and physical properties of the surface. The
conventional method to quantify wettability is carried out using the sessile drop technique to
directly measure the three-phase contact line at tangent using a goniometer.15
Wenzel equation, cos Θw = r cos Θ0, describes the contact angle of a liquid drop on a rough
and homogeneous surface, where r is the roughness factor of a perfectly smooth surface 0.18, 19
Conversely, when a surface is made of two components, A and B, the contact angle is based on
Cassie equation, cos θc = fA cos θA + fB cos θB, where f is the fractional areas of the two compounds
and fA + fB = 1.18, 20 Contact angle hysteresis refers to the difference between the advancing and
receding contact angles of a liquid on a real surface due to surface roughness and chemical
heterogeneity.15, 21

Figure 1.1 Different types of wettability based on contact angle measurement.15 (Reprinted with
permission from Springer-Verlag Berlin Heidelberg by Yuan, Y. and Lee, R. Copyright 2013.)
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1.1.2

Anisotropic Wetting at the Nanoscale
Due to increased ratio of surface area-to-volume, wetting at the nanoscale exhibits

different behavior compared to that at macroscopic level.22-25 When the dimension of the liquid
is in the nanometer range, line tension can substantially affect the wettability. A modified
Young’s equation, cos

, is used to include the impact of line tension, , of the

three-phase contact boundary with radius r.26-30
Anisotropic wetting based on the preferential spreading of a liquid relative to the chemical
and physical properties of a surface is a useful strategy for applications in synthetic materials
where the ability to precisely control the surface properties at the nanoscale is important.23, 31-35
We can control wetting by moderating the surface chemistry at the nanoscale.36-38 Generally,
wetting anisotropy can be achieved either by creating physical discontinuity on a surface e.g.
grooves or by modifying the chemical properties of the surface e.g. a surface functionalized with
alternating hydrophilic and hydrophobic stripes.23, 32, 33, 37, 39, 40 Studies have shown that
directional wetting can be observed when the liquid has diameters closer to the stripe width of
the surface.41-44 Figure 1.2 shows that a polar liquid prefers to spread along the hydrophilic
stripe, resulting in smaller parallel contact angle, Θ‖, than perpendicular contact angle, Θ⊥, due to
pinning.33, 41

Figure 1.2 (a) Illustration of directional wetting of a water droplet on a chemically patterned
surface. Contact angles of the water droplet (b) perpendicular to the stripes and (c) along the
hydrophilic stripes, Θ⊥ > Θ‖. 41 (Reprinted with permission from Langmuir 28, 1, 499-505.
Copyright 2011 American Chemical Society.)
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1.1.3

Nanoscopic Thin Film Formation
When a liquid droplet is deposited onto a flat surface, it can exhibit different dynamic

behaviors such as deformation, splashing and rebound.45-48 Such droplet behavior is highly
dependent on the impact velocity, physical and chemical properties of the liquid as well as the
surface material.49-56 Conventionally, fluid dynamic can be quantified using Weber (We =
ρlDV2/γ) and Reynold (Re = ρlDV/μl) numbers to relate droplet density (ρl), diameter (D), and
velocity (V) to either the dynamical viscosity (μl) or the liquid–vapor surface tension (γ) of the
liquid.57 The diameter of the liquid increases with Re or We and ultimately leads to internal
rupture of the film.56

1.2

Creation of Nanodroplets Using Nano-Electrospray Capillary
To study nanoscopic wetting behavior, we utilize nanoelectrospray (nanoES) 58-60 method

to create nanoscale droplets. In a nanoES setup (Figure 1.3), an electrode holder is connected to a
platinum wire inserted into a glass capillary containing the sample solution. The capillary has an
orifice with an outer diameter of 3–5 µm and is placed a few mm above the sample substrate.
High voltage, typically 1–3 kV, is applied to the electrode to induce spraying. Solution
concentration and viscosity need to be optimized to ensure efficient spraying.

Figure 1.3 Schematic of a nanoelectrospray method.
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NanoES method is a modification of a mass spectrometric ionization technique to create
nanodroplets with initial diameters on the order of 200 nm. As the droplets reach their Rayleigh
limit, they undergo Coulombic repulsion to overcome the surface tension and ultimately resulting
in the formation of smaller droplets. The droplet size continues to decrease as the droplets travel
from the capillary tip toward the sample surface. The droplet size can be as small as 20 nm upon
impact.58. Because the rate of evaporation is very much affected by the environmental humidity,
the electrospray emitter is placed inside a chamber for humidity control (Figure 1.4).

Figure 1.4 (a) Photos to show the nanoeletrospray set-up and the (b) front- and (c) back-views of
the humidity control chamber. The metal casting of the light source in (b) and (c) has been removed
for improved brightness.
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Traditionally, wettability is studied using water. However, water has very high vapor
pressure (17.5 torr at 20°C) and due to the long timescale needed for the characterization process
using atomic force microscopy (AFM), aqueous glycerol solutions are used in place of water. Both
water and pure glycerol have similar surface tension (72.8 and 64.0 mN/m respectively) but
glycerol has vapor pressure a few magnitudes lower than water which allows long characterization
timescale (Table 1.1).61-63

Table 1.1 Surface tension, viscosity and vapor pressure of water and pure glycerol at 20°C.61-63

1.3

surface tension
(mN/m)

viscosity
(cP)

vapor pressure
(torr)

water

72.8

1.005

17.5

Glycerol

64.0

1500

1 x 10-4

Atomic Force Microscopy
Characterization of amphiphilic monolayers can be done using AFM, which is a type of

scanning probe microscopic technique used to profile nano-sized features on a surface with high
precision. It has an atomic scale resolution: 3 nm laterally and <0.1 nm vertically.64 As the probe
tip scans across the sample surface, which is mounted on a piezoelectric scanner, the force
between the sample and the tip is measured as the cantilever deflects based on the surface
features. An image of the surface topography is developed based on the lateral and vertical
deflection of the laser beam off the cantilever onto the photodetector.
There are generally three modes of AFM imaging: contact, non-contact and tapping
modes. Both contact mode and intermittent contact (or tapping) mode operate in the repulsive
force regime while the non-contact mode operates in the attractive force regime.65 In contact
mode, the tip is constantly in contact with the surface as the probe raster scans the sample
surface. Consequently, this constant tip–surface interaction may deform the sample surface or
cause damage to the tip as it picks up loose molecules and subsequently leads to imaging
artifacts. In tapping mode (used in this thesis work), the tip taps the sample surface briefly as it
oscillates across the sample at its resonance frequency and therefore minimizes sample damage.
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The change in the oscillatory amplitude is monitored based on the feedback mechanism as the tip
scans across the surface. Non-contact mode is based on long range interactions, such as van der
Waals and electrostatic forces, between the tip and sample.65

1.3.1

Preparation of Lying Down and Sitting Phases Amphiphilic Monolayers using Langmuir
Schaefer Transfer Technique
To prepare noncovalent ligand layers, polymerizable amphiphiles are transferred onto highly

oriented pyrolytic graphite (HOPG) using a Langmuir Schaefer (LS, horizontal transfer)66
technique. The polymerizable amphiphiles used in this work are 10,12-pentacosadiynoic acid
(PCDA), 1,2-bis(10,12-tricosa-diynoyl)-sn-glycero-3-phosphocholine (diyne PC) and 1,2bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (diyne PE) (Figure 1.5). The two
+

phospholipids differ only in their terminal functional group (-NH3 / -NH2 for diyne PE and +

N(CH3)3 for diyne PC). These three molecules contain an internal diyne which can be
photopolymerized by UV irradiation to create a conjugated ene-yne polymer backbone. Previously,
this type of assembly has been utilized by others to form a molecular wire based on electronic
delocalization along the conjugated ene-yne backbone.67-73 Here, we’re interested instead in using
this assembly to increase the robustness of the monolayer. This assembly creates precisely spaced
hydrophilic and hydrophobic stripes with a 6-nm pitch from tail to tail.74, 75

Figure 1.5 Schematic of photopolymerization and chemical structures of (a) PCDA, (b) diyne PE
and (c) diyne PC.
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Different from the classical LS transfer technique, of which the transfer is carried out at high
compression surface pressure (liquid-condensed phase) where the amphiphiles are tightly packed
to form self-assembled monolayers of standing phases, we prepare the lying down phases of
monolayers at liquid-expanded compression phase (Figure 1.6).76, 77

Figure 1.6 Illustration of the assembly of Langmuir film on an aqueous subphase and the transfer
of PCDA monolayer onto a HOPG substrate using Langmuir Schaefer technique.77 (Reprinted
with permission from Langmuir 34, 4, 1353-1362. Copyright 2018 American Chemical Society.)

1.3.2

Lying Down vs. Sitting Down Phases of Noncovalent Ligand Layers
PCDA assembles a lying down phase with minimal headgroup protrusion of 1Å. In this

lying down phase, carboxylic acid headgroups hydrogen bond to form dimers along the center of
each lamella. In contrast, diyne phospholipids assembled into lamellar phases on HOPG to form
a sitting phase geometry, in which the phosphate sits adjacent to the HOPG surface and the
terminal functional group protrudes 1‒3 Å. The molecular model and the AFM topography
images in Figure 1.7 (a,b) compare the differences of these three interfaces Because these three
molecules have similar alkyl chain length, they have similar lamellar periodicity of ~6 nm
(Figure 1.7c).74, 75
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Figure 1.7 (a) Simulated headgroup orientations for lying down phases of PCDA and sitting
phases of diyne PE and diyne PC. (b) AFMimages of monolayers of PCDA, diyne PE and diyne
PC. (c) Line profiles and metrics from AFM images, showing increased topographic protrusion
for phospholipids vs. PCDA. (Reprinted with permission from J. Am. Chem. Soc. 138, 13, 44484457. Copyright 2016 American Chemical Society.)

Figure 1.8 shows the contact angles of non-functionalized pentacosane and the three
polymerizable amphiphiles on HOPG across a pH range of 3 to 13.74 The contact angle of
pentacosane with no functional group remains the same across the pH range studied. In contrast,
substantial contact angle changes are observed for the functionalized molecules. The solution
pKa of a carboxylic acid such as acetic acid is about 5. But when it is deposited onto a nonpolar
HOPG surface, a substantial pK1/2 shift to around 9.5 is observed (Figure 1.8b). Nonpolar surface
weakly stabilizes the functional group and therefore limits the orthogonality of the functional
group. Similar pK1/2 shift is also observed for phosphate. The intrinsic pKa values of phosphate in
phosphoethanolamine and phosphatidycholine are ~1 and 1.7 respectively.78 Figure 1.8c shows
that this value has shifted to about 5. Similar to the carboxylic headgroup of PCDA, phosphate
also sits next to the nonpolar interface of HOPG and therefore experiences a substantial pKa
shift. However, while terminal quaternary ammonium headgroup of diyne PC remains charged
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throughout, the terminal primary amine of diyne PE retains its solution ionization value. Our
observations suggest that by elevating the terminal functional groups above the substrate and
monolayer even by just a little (1–3 Å), we can lower the effects of pK1/2 shift and therefore have
a better control of wetting at nanoscale.

Figure 1.8 Contact angle titrations of (a) pentacosane, polymerized (b) PCDA and (c) diyne
phospholipids on HOPG. Square markers indicate advancing contact angles; circles indicate
receding contact angles.74 (Reprinted with permission from J. Am. Chem. Soc. 138, 13, 4448-4457.
Copyright 2016 American Chemical Society.)

To study the extent to which photopolymerization improves the robustness of the
monolayers, a solvent assay was carried out using low surface tension ethanol. Both the
unpolymerized and polymerized samples were washed vigorously with a stream of ethanol
solvent from a squeeze bottle for 5-s intervals and the samples were blown dry using compressed
nitrogen gas. AFM images were collected after each round of washing. Figure 1.9 shows that
polymerized monolayers generally exhibit enhanced stability towards solvent washing compared
to the unpolymerized samples. Additionally, the polymerized PCDA monolayers were
substantially disrupted after 15 s of washing while the monolayers of polymerized diyne PE
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remained mostly intact. The improved stability of the sitting phase monolayers is possibly due to
the dual alkyl chains in the phospholipids.

Figure 1.9 Solvent washing assay for unpolymerized and polymerized amphiphilic monolayers of
PCDA (a and b) and diyne PE (c and d). Insets show phase images of the entire images or the
corresponding scanned areas on PCDA marked by the black square.74 (Reprinted with permission
from J. Am. Chem. Soc. 138, 13, 4448-4457. Copyright 2016 American Chemical Society.)
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SITTING PHASE MONOLAYRS OF POLYMERIZABLE
PHOSPHOLIPIDS CREATE DIMENSIONAL, MOLECULAR-SCALE
WETTING CONTROL FOR SCALABALE SOLUTION-BASED
PATTERNING OF LAYERED MATERIALS

Reprinted (adapted) with permission from Choong, S.W.; Russell, S. R.; Bang, J. B.; Patterson, J.
K.; Claridge, S. A. Sitting Phase Monolayers of Polymerizable Phospholipids Create Dimensional,
Molecular-Scale Wetting Control for Scalable Solution-Based Patterning of Layered Materials.
ACS. Appl.

ACS Appl. Mater. Interfaces, 2017, 9 (22), pp 19326–19334. Copyright 2017

American Chemical Society.

2.1

Introduction
Due to the widespread interest in modulating graphene electronic properties, significant

efforts have been directed toward ordering noncovalent ligand layers to control molecule‒substrate
interactions.79-81 However, ordering ligands to promote specific, spatially-resolved interactions
with the environment (e.g. electrodes, optoelectronic active layers, analytes) is also a problem of
growing importance for precisely registered integration into functional devices.82 Fundamentally,
this requires spatial localization information to be encoded in the ligand layer by displaying two
or more different (e.g. wetting-orthogonal) surface chemistries in a controlled way (Figure 2.1).
At larger length scales, patterning methods such as soft lithography83 utilizing standing-phase
monolayers including alkanethiols on Au(111) have been used to structure local reactive
functionalities,84 interface dipoles,85 or ionic functionalities86 to control properties ranging from
crystallization of inorganic materials to the wettability of liquids. Here, we begin to elucidate
design requirements for using precise, nm-wide assemblies of functional groups in monolayers on
layered materials to create high-resolution (sub-10-nm) features in materials deposited through an
industrially-relevant spray coating process, as a foundation for integration into multilayer device
architectures.
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Figure 2.1 Sub-10-nm patterned interfacial wetting using amphiphilic interface chemistry.

Lying-down phases of ligands are frequently used for noncovalent functionalization of
layered materials, and potentially represent a convenient means of patterning low-dimensional
features to template the environmental interface at very short length scales (<10 nm). For instance,
functional alkanes assemble into lamellar phases on layered materials, exposing alternating stripes
of headgroups and alkyl tails, with typical periodicities on the order of 5 nm, dependent on tail
length. The sharp, 1-nm wide headgroup rows suggest a means to direct formation of pattern edges,
in the sub-20-nm regime in which line edge roughness and other process-induced deviations11, 87
become significant challenges in commonly utilized fabrication processes. Early work on
noncovalent functionalization demonstrated that certain classes of functional ligands (e.g. pyrene
butanoic acid succinimidyl ester, PBASE, and perylene tetracarboxylic acid, PTCDA) can be used
to increase overall interfacial polarity, enabling deposition of uniform layers of gate dielectrics
such as Al2O3 and HfO2 by atomic layer deposition (ALD) under ultra-high vacuum (UHV)
conditions.88-90 A few reports also point to the capability to achive lower-dimensional structures:
pentacosadiynoic acid (PCDA) has been shown to seed deposition of 1D oxide features from ZnO
and Al2O3 via ALD,91 and 0D features in porous covalent organic frameworks enable structured
host–guest interactions.82
Growing interest in scalable (e.g. solution- or spray-processing)8, 10, 46, 92 methods for film
and device preparation has prompted examination of the feasibility of utilizing noncovalent
monolayer chemistries in conjunction with such processes to direct interfacial properties.82 Two

13
key classes of challenges arise in this regard. First, the noncovalent molecule–substrate interface
in lying-down monolayers is not intrinsically robust toward removal or replacement of solvent.79,
93

This problem has begun to be addressed through strategies such as in situ polymerization of the

ligand layer (e.g. topochemical photopolymerization of PCDA).94-96 Second, and less widely
examined, are the challenges that arise in directing local wetting utilizing functional patterns that
modulate interface dielectric near the molecular scale.74, 97
The behavior of functional groups that define wettable and non-wettable patterned areas of
a surface begins to change at boundaries, a phenomenon that becomes increasingly important in
low-dimensional patterning. Ionizable groups such as COOH commonly used to pattern wetting98
undergo substantial pK1/2 shifts at high-dielectric/low-dielectric interfaces,99 due in part to the
limited ability of the low-dielectric material to stabilize the charged form of the functional group.
Early contact angle titrations by Whitesides and coworkers found that in monolayers of COOHterminated alkanethiols on Au(111), the onset of ionization shifted up by ~3 pH units for a fully
COOH-terminated monolayer (in comparison with the ionization of acetic acid in aqueous
solution), and that 15% COOH-terminated monolayers exhibited a ~6-unit shift in the onset of
ionization.97 Recently, we have observed a shift of ~4.5 units in the ionization of lying-down
monolayers of PCDA, in which the carboxylic acid functionalities form 1D assemblies.74 While
contact angle titration curves are dependent upon many factors, including the orientations of
functional groups and their interactions within the monolayer,99 an increasingly strong shift in
ionization behavior for 2D, 1D, and 0D assemblies of COOH groups at a nonpolar interface would
be consistent with the changing local dielectric environment around lower-dimensional functional
assemblies. Such a trend suggests challenges for creating highly wettable 1D and 0D features near
the molecular scale, in which functional groups lie at a polar/nonpolar boundary in the plane of
the monolayer, as well as adjacent to a nonpolar substrate.
At the same time, the energetic cost of forming high-surface-to-volume-ratio features100
implies utility for especially strong surface wetting chemistries to template creation of highresolution 1D (and 0D) features in a subsequently applied material. Taken together, these
competing trends suggest that to utilize common classes of lamellar (1D) ligand phases to structure
interfacial wetting near the molecular scale, special attention must be paid to the wetting properties
of the headgroups, not only in solution, but in the specific assembled geometry.
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Figure 2.2 (a) Structures of polymerizable amphiphiles used in this work: 10,12-pentacosadiynoic
acid (PCDA), 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (diyne PE), and
1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine (diyne PC). (b) Schematic of
nanoscale surface patterning using polymerizable amphiphiles, and structural differences in
phospholipid sitting phases that contribute to stronger patterned wetting effects.
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Biology provides useful design paradigms for complex self-assembled structures that have
been leveraged to address a growing set of needs in synthetic nanostructured materials.101-105
Although local differences in wettability play significant roles in the assembly of DNA and
proteins,106 wetting orthogonality is the foundation of the cell membrane — the 6-nm hydrophilic–
hydrophobic–hydrophilic cross-section of the lipid bilayer controls the flow of water,107 ions,108
and other small molecules109 between cell interior and exterior. The chemistry of weak acids and
bases is utilized routinely in the membrane periphery, influencing processes ranging from the
localization of peripheral membrane proteins110 to the modulation of passive diffusion rates of
small-molecule drugs.111 Phosphoglycerolipids, comprising 60-80% of eukaryotic lipid membrane
content,112 have a polyfunctional polar headgroup structure that is especially well-suited to
regulating wetting orthogonality at short length scales, suggesting possible utility in controlling
wetting at layered material interfaces.
Recently, we have found that on layered materials such as HOPG, it is possible to reorient
lipids from the ‘standing’ structure observed in biological membranes to a ‘sitting’ orientation that
exposes both their hydrophilic and hydrophobic components and creates a small topographic
protrusion for the terminal functionality, negating interfacial pK1/2 shifts for that ionizable group.74
In macroscopic wetting experiments such as contact angle titrations,74 the size of the droplet
(diameter ~1 mm) greatly exceeds both the ~6 nm periodic width of the striped hydrophilic–
hydrophobic patterning, and the 100 nm–1 μm size of typical ordered domains. Thus, there is not
an obvious departure from the spherical cap droplet geometry when measuring macroscopic
contact angles. However, previous experiments by Whitesides113 and others33, 39, 41, 114, 115 have
indicated that when the length scale of wetting (e.g. droplet diameter) approaches the scale of
chemical heterogeneity on the substrate, anisotropic wetting effects (e.g. differences in contact
angle and/or droplet aspect ratio) can emerge in directions parallel and perpendicular to the
patterned chemical heterogeneity.
Here, we use the topographic protrusion and high degree of wetting orthogonality intrinsic
to the phospholipid architecture to direct nanoscopic wetting of layered material surfaces by highsurface-tension liquids (Figure 2.2, bottom). In comparison with commonly-used lying-down
phases, we find that sitting phase monolayers increase overall droplet sticking. Moreover, larger
headgroup topographic protrusions and obligate charges (e.g. phosphocholine) enable sprayed
nanoscale droplets to resolve, under appropriate impact conditions, into 1D structures with
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diameters as small as 6 nm, presumably pinned to rows of phospholipid headgroups. These
findings begin to establish a framework for leveraging classes of dimensional ligand assemblies
common in noncovalent functionalization strategies to control structure in films deposited through
scalable solution-based processes including spray-coating.

2.2

2.2.1

Experimental Methods

Lipid Monolayer Preparation
Diyne PC and diyne PE (>99.0% purity) were purchased from Avanti Lipids (Alabaster,

AL). PCDA (≥97% purity) and manganese (II) chloride tetrahydrate (≥98% purity) were
purchased from Sigma Aldrich (St. Louis, MO). Sodium chloride (ACS grade) and chloroform
(ChromAR grade) were purchased from Macron Fine Chemicals (Center Valley, PA). Milli-Q
water (≥18.2 MΩ∙cm resistivity) was used in all experiments and all chemicals were used as
received without further purification. All polymerizable amphiphiles were deposited on 1 cm × 1
cm HOPG (SPI Supplies, West Chester, PA) substrates. These substrates were freshly cleaved
immediately prior to sample deposition. All experiments were carried out under UV-filtered light
to prevent polymerization in solution.
Self-assembled monolayers of diacetylene-functionalized phospholipids and fatty acids
were prepared via LS transfer on a KSV-NIMA Langmuir-Blodgett trough (Biolin Scientific,
Stockholm, Sweden). LS transfer of phospholipids was carried out by spreading 16 μL of 0.5
mg/mL diyne PE or diyne PC in CHCl3 on a subphase of 5 mM MnCl2 in 18.2 MΩ∙cm H2O at
26°C. For PCDA, 12 μL of 0.75 mg/mL PCDA in CHCl3 was deposited on a subphase of 18.2
MΩ∙cm H2O. After the small amount of CHCl3 used for amphiphile transfer was allowed to
evaporate, trough barriers were swept inward (3 mm/min each barrier, total trough surface area
75 cm2, decreasing by 3 cm2/min) to adjust the surface pressure. When the surface pressure
reached the required dipping condition (10 mN/m for diyne PE and diyne PC, 30 Å2/molecule for
PCDA), an automated dipper attachment on the LB trough was utilized to lower a freshly
cleaved HOPG substrate onto the subphase (dip rate = 2mm/min) with the cleaved surface facing
down, nearly parallel (tilt angle 2–3°) to the liquid interface. After 4 min in contact with the
liquid interface, the HOPG was gently lifted out of contact with the liquid using the automated
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dipper. Samples were photopolymerized by irradiating for 1 hr under a 254-nm 8-W UV lamp
with approximately 4 cm between the lamp and the sample surface.

2.2.2

KPFM Imaging
KPFM measurements were taken with an Asylum Cypher ES (Asylum Research, Santa

Barbara, CA) under ambient conditions, using Pt-coated probes (MikroMasch, HQ:NSC18/PT,
nominal force constant 3 N/m and tip radius <30 nm).

2.2.3

AFM Imaging
All AFM topography images were acquired under ambient conditions using a Veeco

MultiMode (Bruker Instruments, Billerica, MA) instrument in tapping mode with Bruker MPP
silicon probes (P/N RFESP-75, nominal force constant 3 N/m and tip radius <12 nm), at typical
imaging rates of 1 line/second, and amplitude setpoints of 280-350 mV.

2.2.4

Nanoelectrospray
Nanoscale droplets were produced using a nanoES assembly consisting of an electrode

holder (P/N ESP-M15N, Warner Instruments, Hamden, CT) with a platinum wire (diam. 0.127
mm, Sigma Aldrich, St. Louis, MO) inserted into the capillary. Capillaries suitable for nanoscale
droplet emission were prepared by pulling borosilicate glass capillaries with 1.5 mm o.d. and
0.86 mm i.d. (Sutter Instruments, Novato, CA) using a Sutter Instruments micropipette puller
(model P-87). Capillaries were pulled to produce an orifice outer diameter of 4 μm. To induce
spraying, a -1.2 kV bias was applied to the Pt electrode, while the Cu counterelectrode was
grounded. The working distance between the capillary orifice and HOPG surface was 3 mm.
Capillaries were filled with 1% glycerol in 18.2 MΩ∙cm purified water (typical total volume 10
μL) for droplet spraying. Experiments were carried out in a glove box (model 818-GB, Plas
Labs, Lansing, MI) with humidity control in the range of 50–100%.
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2.2.5

Molecular Modeling
Software packages Maestro116 and Macromodel117 (Schrödinger, Cambridge, MA) were

used, respectively, to visualize the structures of phospholipids and fatty acids on graphene and to
perform the force field minimizations and molecular dynamics simulations. All models were
simulated using the OPLS_2005 force field,118 with no solvent file and extended cutoffs for van
der Waals, electrostatic, and hydrogen-bonding interactions. Minimizations were performed
using the Polak−Ribiere conjugate gradient (PRCG) algorithm and gradient method with 50 000
runs and a convergence threshold of 0.05. Most minimizations converged in less than 10 000
runs. For all calculations, atoms in the graphene sheets were frozen, to more closely mimic the
structure of HOPG. Thus, while they contributed to the forces present in the system, their
positions did not change in response to conformational changes of the adsorbed amphiphiles. For
models demonstrating the amphiphile head group height profile, a bilayer of 1680 water
molecules was placed on top of the amphiphile monolayers during minimization to more
accurately simulate headgroup orientations under hydrated conditions, since the presence of
explicit water has been shown previously to impact final minimized geometry in comparison
with the use of a solvent force field.119 Simulations of PCDA and diyne PC under glycerol were
performed in the same manner, with the exception that the water bilayer was replaced with a
glycerol layer comprised of 190 molecules. After minimization, molecular dynamics were run
with the SHAKE protocol (bonds to hydrogen), a 1.5 fs step time, 10 ps equilibration time and
1000 ps simulation time with a temperature of 293 K.

2.3

2.3.1

Results and Discussions

Structural Differences between Lying-Down and Sitting Phases Relevant to Wetting
To examine the role of headgroup architecture in directing wetting, we prepared

monolayers of both phospholipids and fatty acids (Figure 2.2a), and compared their nanoscopic
wetting properties with those of bare HOPG. Long-chain polymerizable amphiphiles (e.g. PCDA),
Figure 2.2a) assemble into lamellar phases on HOPG (Figure 2.2b) based on epitaxy between the
zig-zag alkyl backbone and the hexagonal graphite lattice.67, 73 Molecules within the monolayer
adopt a head-to-head orientation, resulting in edge-to-edge lamellar periodicities (~6.2 nm for
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PCDA) proportional to chain length. Topochemical photopolymerization of the internal diynes in
the assembled molecules (Figure 2.2b), an established technique for creating ene-yne molecular
wires,68, 120, 121 also increases solvent stability.74, 95 In our experience, the dual chain architecture
of the phospholipids also substantially improves solvent stability relative to that of single-chain
fatty acids.74 While diynoic fatty acids adopt a true lying-down geometry, bringing the carboxylic
acid very near the nonpolar HOPG interface, we recently observed that diynoic phospholipids122124

assembled in similar monolayers preferentially adopt a ‘sitting’ geometry (Figure 2.2b, right;

Figure 2.3a, right).74 In this orientation, the phosphate sits adjacent to the nonpolar HOPG
interface, and the terminal functional group (–NH3+/‒NH2 for diyne PE and –N(CH3)3+ for diyne
PC) can project into solvent. In the context of controlling interfacial wetting, this has two important
consequences. (1) The terminal functional protrusion creates sub-nm topographic features
expected to amplify local wetting differences; similar features at larger scales are commonly
employed in designing superhydrophobic and other wetting-controlled surfaces.125, 126 (2) For
PCDA, interfacial pKa shifts result in an interface that is predominantly neutral below pH 9.5,74
limiting wettability. In contrast, even with an interfacial shift for the phosphate, at least one
phospholipid functionality remains charged across the tested pH range of 2–14 (pK1/2 (–HPO4–)
~ 5.5, pK1/2 (diyne PE–NH3+) = 11), increasing wettability.

2.3.2

Evaluation of Monolayer Topographic and Electronic Structure Relevant to Wetting
Topographical differences visible in high-resolution AFM images (Figure 1.11) are

commensurate with those predicted by minimized molecular models based on molecular dynamic
simulations in explicit water (Figure 1.11a). Line profiles extracted from AFM topography images
of the three amphiphiles (Figure 1.11c) reveal headgroup protrusions (calculated as the average
peak-to-trough distance), yielding values of 0.05 ± 0.03 nm for PCDA, with larger values of 0.11
± 0.05 nm for diyne PE, and 0.19 ± 0.05 nm for diyne PC, commensurate with the sitting phase
morphology. Lengths of the alkyl chains in the three molecules are very similar, leading to lamellar
periodicities ranging from 6.1 ± 0.2 nm for diyne PE (smallest) to 6.4 ± 0.3 nm for diyne PC
(largest).
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Figure 2.3 (a) Electrostatic maps of monolayers of PCDA, diyne PE, and diyne PC, showing
stronger polarization in phospholipids vs. PCDA. (b) KPFM of monolayers.

Electrostatic surface maps of monolayers of amphiphiles on graphite (Figure 2.3a) also
reveal differences in the surface electronic structure relevant to liquid droplet impact and sticking.
Because the monolayers are prepared via Langmuir-Schaefer transfer, we model both phospholipid
headgroups as zwitterions (Figure 2.3, middle and right columns), while PCDA headgroups are
modeled in the neutral state (Figure 2.3, left column), consistent with their very weak acidity in
the nonpolar environment of the HOPG surface. Vacuum models (ε = 1) illustrate the maximum
potential experienced by droplets as they approach the monolayer surface; of the three monolayer
structures, the electrostatic potential map for diyne PC is the most strongly polarized. KPFM line
scans (Figure 2.3b) are similar for monolayers of each molecule, with small decreases in CPD
characteristic of π-conjugated molecular systems;127, 128 mean ΔCPD values taken over several
scans are -62 ± 14 mV for PCDA, -77 ± 23 mV for diyne PE, and -55 ± 14 mV for diyne PC. We
note that the commonly-used dual-pass KPFM imaging mode used here lacks spatial resolution to
distinguish between heads and tails, so the line scans above illustrate average values across a
domain. Small variations in measure values may be caused by differences in domain width and
ene-yne conjugation length as well as phospholipid headgroup dipoles. In the following
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measurements, we find substantially different nanoscopic wetting properties for both
phospholipids in relationship to PCDA; the similarity between CPD values between monolayers
suggests that differences in wetting are not due to molecule–substrate interactions that impact
surface work function.

2.3.3

Electrospray Studies of Nanoscopic Wetting Properties of Amphiphilic Monolayers
To test nanoscopic wetting behavior of our striped amphiphilic films, we constructed a

nanoelectrospray capillary58 capable of generating nanoscale droplets with diameters in a size
regime similar to that of the striped amphiphilic chemistry on the surface. Initial diameters of
droplets emitted from the nanoelectrospray capillary are on the order of 200 nm, and decrease as
the droplets travel from the capillary orifice toward the sample, due to both evaporation and
Coulomb explosions, with typical final diameters as small as 20 nm.59 Because the rate of
evaporation from the droplet surface is strongly dependent upon environmental humidity, the
electrospray emitter was housed in an environmental chamber to enable humidity control. For the
measurements here, we chose an aqueous solution of glycerol, a low-vapor-pressure solvent (1 ×
10-4 Torr (20 °C), vs. 17.5 Torr (20 °C) for water)62 that facilitates imaging on the relatively long
timescales (10–100 min) typically necessitated by AFM.
Initial spraying experiments were carried out at ~65% relative humidity (r.h.). On bare
HOPG (Figure 2.4a), droplets of glycerol solution are observed primarily at step edges following
electrospray deposition (Figure 2.4a, right), with large (>1 μm2) areas of the surface free of visible
droplets. On HOPG coated with monolayers of polymerized PCDA (Figure 2.4b), similarly,
droplets are typically observed at step edges or the edges of molecular domains. Samples of HOPG
functionalized with either diyne PE (Figure 2.4c) or diyne PC (Figure 2.4d) exhibit very different
wetting behavior, with most drops positioned at domain interiors (54%) vs at domain edges (23%)
or HOPG step edges (23%). On the phospholipid monolayers, typical droplet diameters are smaller
than droplets observed on HOPG or PCDA, with smaller distances between drops. Because
samples are subjected to the same electrospray conditions, this suggests a high degree of mobility
for droplets on HOPG and PCDA, with droplet impacts in most areas of the surface resulting in
bouncing or rolling, frequently observed on lower-wettability surfaces.46, 47, 57, 129, 130
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Figure 2.4 Energy-minimized models of monolayers assembled on HOPG (left), and AFM
topography images after exposure to glycerol spray (right), for (a) bare HOPG, and monolayers of
(b) PCDA, (c) diyne PE, and (d) diyne PC, showing enhanced droplet sticking to phospholipid
domains vs. bare HOPG or PCDA.

In order to have a direct comparison of the wetting difference based on the monolayer
chemistries, glycerol was deposited onto HOPG-functionalized with PCDA and diyne PC using
nanoES method (monolayers prepared by Jeremiah Bechtold). Figure 2.5 demonstrates the distinct
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wetting differences of PCDA (dark domains), diyne PC (striped domains) and the exposed nonpolar HOPG (light region). Consistent with Figure 2.4, both small and large droplets of glycerol
were located primarily on the diyne PC domains. Very few and small glycerol droplets, if any,
were observed mostly on the domain edges of PCDA monolayers as well as the step-edges of
HOPG. Observations from Figures 2.4 and 2.5 suggest that glycerol droplets are more likely to
stick onto the interior domains of sitting phases of phospholipids than on the lying down phase of
PCDA and non-polar graphitic interfaces.

Figure 2.5 AFM phase images of glycerol droplets sprayed onto HOPG substrate functionalized
with PCDA and diyne PC monolayers. Image on the right is the enlargement region.

Line profiles from AFM images similar to those in Figure 2.4 were used to approximate
contact angles for drops with diameters of 50–100 nm visible on each sample. Droplets were
selected based on localization within a single domain, to minimize possible contributions to the
wetting behavior from domain boundaries. Overall, contact angles for the impacted nanoscale
droplets observed are lower than advancing angles for macroscopic droplets on samples with
equivalent surface chemistry (Table 2.1), in line with expectations for droplets undergoing
impacts.131 Because the droplet profiles reflected a spherical cap geometry, contact angles were
calculated as Θ = tan-1

(Equation 1) in order to minimize errors due to convolution with

the tip geometry, etc., in line with previous measurements of nanoscale droplet contact angles
acquired by AFM.39 We note that these measurements are intended to provide a comparison of the
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nanoscale wettabilities of the three surface chemistries relative to one another during impact, since
the impact parameters are otherwise similar; they are not directly comparable to standard
advancing or receding contact angles. Mean values for 50% glycerol droplets at pH 13 are shown
as dotted lines in the histogram in Figure 2.6 for comparison, since these represent the lowest
macroscopic contact angles measured.

Figure 2.6 Comparison of macroscopic and nanoscopic contact angles for PCDA (blue), diyne PE
(orange) and diyne PC (red).

Out of the three monolayer chemistries tested, the mean contact angle was lowest for diyne
PC (14°± 8°), consistent with its slightly greater headgroup protrusion and obligate charge on the
terminal quaternary ammonium functionality. Diyne PE exhibits a bimodal distribution of contact
angles, with a smaller population at a mean value (14°± 3°) similar to that for diyne PC, and a
larger population at a somewhat greater value (34°± 4°), suggesting the possibility that the
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populations of values may represent protonated and neutral states of the terminal amine in PE.
Contact angle measurements for PCDA were more difficult to assess, due to the extremely small
number of droplets observed in the center of domains; observed values for the small number of
drops found inside domains were most similar to values for diyne PE. We propose that, on the
timescale of the initial droplet impact event, a relatively small number of carboxylic acid dimers
in the PCDA monolayer break to form interactions with the droplet, resulting in the general lack
of wetting observed in AFM images in Figure 2.4. However, if droplets pin to the domain over
longer timescales, reorientation of carboxylic acid groups could over time produce the observed
contact angle behavior.
Previous experiments examining the wetting of surfaces with microscale striped patterns had
observed differences in macroscopic contact angles parallel and perpendicular to the stripe
direction.113 Thus, we performed a related set of experiments to examine that possibility for the
nanoscale striped patterns observed here, using droplets with diameters up to 100 nm, several times
the lamellar periodicity (Figure 2.7). In previous experiments by Whitesides and coworkers,113
differences in Θ‖ and Θ⊥, were as little as 2°, which in the experiments performed here would
necessitate very accurate measurements of droplet X-Y dimensions at the nanometer scale. To
maximize accuracy, pairs of AFM images were acquired with the fast-scan axis aligned
approximately parallel and then approximately perpendicular to the lamellar axis; at the 1 Hz scan
rate used, each line is acquired in 1 s, minimizing errors due to thermal drift. Contact angles θ‖ and
θ ┴ were then calculated using data from the image in which the parallel or perpendicular
orientation represented the fast scan direction, using Equation 1. If the lamellar axis was not
oriented exactly parallel to the fast scan direction, affine corrections were used to correct distance
components in the slow scan direction. Calculated mean values were Θ‖ = 14.5 ± 0.6° and Θ⊥=
13.9 ± 0.5°. While it is possible that additional measurements would yield statistically significant
differences in contact angles parallel and perpendicular to the lamellar axis for spherical cap
droplets in this diameter range, the values are similar within error for the data set presented here.
We note that previous experiments of wetting anisotropy with μL droplets have suggested that
directional drying effects can begin to counteract directional wetting effects,39 which may
contribute to the values measured here.
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Figure 2.7 Comparison of nanoscopic contact angles parallel and perpendicular to the diyne PC
lamellar axis.

We note that all contact angles measured in these experiments are lower than those measured
in macroscopic advancing or receding contact angle measurements, and that there were not
obvious differences in angles measured parallel and perpendicular to the lamellar axis (Figure 2.7),
consistent with the significant contributions of droplet momentum to spreading. Macroscopic
contact angles (Table 2.1) were measured for aqueous solutions of glycerol buffered to a range of
pH values intended to represent possible conditions in nanoscopic sample droplets. Contact angles
were slightly smaller than advancing contact angle values for pure aqueous buffers at the same pH.
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Table 2.1 Macroscopic contact angles of glycerol solutions on amphiphile monolayers.

2.3.4

Formation of Ultrathin Films and Rodlike Liquid Patterns on Diyne PC Monolayers
Having identified diyne PC as the most strongly wetting surface chemistry, we began to test

whether it could be used to direct and confine nanoscopic wetting by modulating impact
parameters. The spray deposition procedure provides a means to modulate viscosity, one of the
key parameters affecting droplet fluid dynamics upon impact.57, 132 Viscosity of glycerol–water
mixtures at 20 °C varies from 1.005 mPa∙s for pure water to 1500 mPa∙s for pure glycerol.61
Increasing environmental humidity during the spray process limits water losses from the droplet
surface during transit, decreasing viscosity at impact. Impact dynamics of a droplet are frequently
classified in terms of the Re and We numbers.57 Higher values of Re and We are commonly
associated with increased spreading early in the collision; thus, increases in viscosity and/or
surface tension can offset increases in droplet diameter or velocity. Subsequent spreading
dynamics and drying behavior are influenced by the properties of the substrate including contact
angle (e.g. due to surface chemistry) and distribution of surface roughness. Because the surface
tensions for water (72.8 mN/m) and glycerol (64 mN/m) are similar in comparison with their
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viscosities (vide supra), we expect the primary difference in spreading behavior at higher relative
humidity to arise from lower droplet viscosity.
At environmental humidity levels up to 70%, observed droplets retain spherical cap
morphologies (Figure 2.8a, and Figure 1.8c left and middle line scans). Above 70% r.h., droplets
begin to adopt flattened ‘pancake’ cross-sections (Figure 2.8b) with thicknesses from 2 to 6 nm
(Figure 2.8c, right line scan). Flattened droplet impact profiles are consistent with mm and μm
droplet impacts in Re regimes in which droplets undergo significant inertial spreading, but do not
fragment.133 Similar flattened films are observed for diyne PE but not for PCDA, underlining the
key role of the headgroup structure in directing wetting.

Figure 2.8 (a) Spherical cap droplet geometries observed when 1% glycerol in deionized water is
sprayed onto diyne PC monolayers in a 65% r.h. environment. (b) Thin-film wetting geometry
observed at 85% r.h. (c) Line scans over typical drops showing transition from spherical cap to
pancake geometry.
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Figure 2.9 (a-c) Directional wetting observed at 95% r.h. on diyne PC. (d) Inset from (c) showing
striped wetted features in epitaxy with monolayer template. (e) Line scan from highlighted region
of (b), compared with a typical line profile acquired at 85% r.h. Distribution of height (f) and
contact angle (g) vs. FWHM for liquid nanorods in highlighted regions of (b, orange squares) and
(c, blue circles).
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At very high relative humidity (94–96%), droplets on diyne PC-functionalized surfaces
(but not PCDA or diyne PE) begin to exhibit strong directional wetting effects (Figure 2.9). In
some cases (Figure 2.9a,c), film geometry suggests oblique droplet impacts convolved with
directional spreading, while in others (Figure 2.9b), a nearly-circular perimeter is visible, with raylike protrusions along one or more of the monolayer lattice directions suggestive of splashing.
Regions containing rodlike droplet residues are most frequently observed around the periphery of
the sprayed zone, suggesting that droplet momentum is an important contributor to the directional
wetting process. In regions close to the center of the spray, fusion of many drops creates thicker
films that begin to adopt spherical cap geometries as the additional liquid volume begins to offset
the reduced viscosity.
Figure 2.9d shows an enlarged region in Figure 2.9c in which liquid spreading from a single
parent droplet resolves into nanorods adopting two different epitaxial directions in order to align
with the amphiphilic axes in two different monolayer domains. Figure 2.9e shows a line scan
extracted from the highlighted region in the lower right quadrant of Figure 2.9b, illustrating typical
feature heights ~1 nm, in comparison with a typical film profile acquired at 85% r.h. Figure 2.9f
and g compare height and calculated contact angles vs. FWHM, from populations of representative
liquid nanorods in the indicated regions of Figures 2.9b (orange square) and 2.9c (blue circles).
Measured liquid rod heights vary from ~0.2 – 1.2 nm; although there is some expected variability
in widths of topographic protrusions measured by AFM, clusters of rod diameters are visible at ~6
and ~12 nm, and liquid rod edges are straight for distances up to 100 nm, suggesting strong
interactions between the spreading liquid and rows of protruding charged headgroups. Previous
studies of fluids in nanopores suggest that liquid confinement effects related to wall chemistry
begin at length scales of ~2 nm,134 very similar to the film thicknesses below which we observe
directional wetting based on headgroup chemistry here. Because each drop has a somewhat
different diameter, velocity, and viscosity, differences are visible in the population of liquid rod
diameters and contact angles for individual impacts.
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2.3.5

Molecular Modeling of Polymerizable Amphiphiles on Graphene
Because the presence of explicit water molecules has been shown previously to give rise

to different minimized geometries in comparison with the use of a solvent force field,119 we
performed calculations of minimized headgroup geometries in the presence of a water layer.
Models were constructed using a graphene bilayer (each layer comprised of 2360 carbon atoms;
total graphene sheet length ~85 Å, width ~71 Å) functionalized with: 32 PCDA molecules, 16
Diyne PC or 16 Diyne PE molecules (Figure 2.10). A bilayer of water (1680 molecules ~6 Å from
the amphiphile monolayer) was layered on top. Models were minimized using the Polak−Ribiere
conjugate gradient (PRCG) for 50,000 iterations and a gradient convergence threshold of 0.05.
Since no dynamics were run on these systems (Figure 2.10), the water molecules adopt a simple
sheet-like formation rather than contracting to minimize surface area. Minimization results in
structures in which most PCDA molecule headgroups lie in the monolayer plane to form hydrogenbonded carboxylic dimers, in line with previous work; however, a sub-population of carboxylic
acid groups tilt slightly to incorporate a water molecule between paired headgroups. In contrast,
both diyne PC and diyne PE form asymmetric protruding structures.

Figure 2.10 Minimizations of amphiphiles on a graphene bilyer shown without water molecules
visible (top) and with water molecules visible (bottom) for a) PCDA, b) diyne PC and c) diyne PE.
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Figure 2.11 Molecular dynamics simulations of liquid film structure on (a) PCDA and (b) diyne
PC monolayers, showing directional wetting effects (i.e. liquid film contracts in a way that retains
headgroup wetting) for diyne PC (right) but not for PCDA (left). In top view, dotted lines show
initial extent of the liquid film; heavier lines show average contact line after film retraction during
dynamics.

Molecular dynamics simulations of glycerol and glycerol/water films wetting amphiphilic
monolayers on graphitic carbon sheets (glycerol film shown in Figure 2.11) also support
differences in directional wetting based on headgroup. In Figure 2.11a and b, the row of paired
headgroups in each model is aligned on the vertical axis near the center of the graphene sheet.
Each simulation begins with a thin film of liquid molecules distributed across the monolayer. After
the simulation, the liquid film has contracted along different axes on the two monolayers. White
dotted lines show the original extent of the liquid films, while solid white lines guide the eye to
the contracted edge of the liquid film. On the diyne PC monolayer (Figure 2.11b), the liquid film
contracts along the alkyl chains in order to retain contact with charged headgroups. In contrast, on
the PCDA monolayer (Figure 2.11a), the film contracts in a way that dewets headgroups along the
top and bottom ends of the row. Similar behavior in nanometer thick films on diyne PC monolayers
is likely important in the directional wetting effects observed in Figure 2.9.
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2.3.6

Droplet Morphology on Functionalized HOPG Substrates during Drying
Because film structures observed after spray under high-humidity conditions are in a range

of thickness that could be associated with standing monolayers or bilayers of phospholipids, we
performed further experiments to test whether films might represent areas of standing phase
phospholipids picked up from the surface by rolling or bouncing droplets. We performed a set of
drying and heating experiments on (i) an HOPG substrate functionalized with a lying-down phase
of diyne PC and (ii) a bare HOPG substrate. Both were sprayed with 1% glycerol in deionized
water at 85% r.h. (Figure 2.12a, f).
Under the applied spray conditions, subsequent AFM imaging revealed deposits that
differed in character for the two surfaces. In the 2.5 μm × 2.5 μm image shown for the diyne PC
surface, >10 significant film structures are visible, with diameters from 100–300 nm, thicknesses
of 5–10 nm, and irregular edge profiles. In contrast, in the larger 5 μm × 5 μm area shown for the
sprayed HOPG substrate (Figure 2.12f), only four deposits are visible, with diameters of 300–500
nm, thicknesses from 50–100 nm, and more regular spherical cap droplet shapes. Figure 2.12d-e
show line profiles acquired across the centers of the droplets shown in Figure 2.12a (diyne PC)
and f (HOPG). In the line profiles acquired over the diyne PC surface, the glycerol residue forms
a ‘pancake’ film profile (flat-topped), with the inclusion of a pointed protrusion near the center.
Similar profiles (including protrusion) are visible in most large films across the surface. In contrast,
the droplet on the HOPG surface adopts a morphology similar to a spherical cap, with slight
asymmetry that is presumed to be a scan artifact from utilizing scan parameters appropriate for the
very flat HOPG surface.
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Figure 2.12 AFM images of polymerized diyne PC observed after being (a) sprayed with 1%
aqueous glycerol at 85% r.h., then (b) 12 h of vacuum drying, and (c) 70–80 °C heating for 6 h.
(d) Line profiles over highlighted regions of (a–c) comparing the topography of the initial droplet
residue with the profile after exposure to vacuum and heating conditions. (e) Line profiles over
highlighted regions in (f) and (h) comparing drop residue profile before and after heating. AFM
images of HOPG after being (f) sprayed with 1% glycerol in deionized water at 85% r.h., then (g)
heated for 6h at 70 °C. (h) Enlargement of the region in (g) highlighted with a dotted grey line.
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After drying, the residue thickness decreases for deposits on both diyne PC-functionalized
and bare HOPG surfaces (Figure 2.12c, h). For the droplet on diyne PC profiled in Figure 2.12d,
the bulk film thickness decreases from ~4 to ~2 nm, while the peak height in the central protrusion
remains ca. 8 nm. At this film thickness (no more than a few molecular layers), internal rupture
begins to occur to the film. Because the vapor pressure of water is ~5 orders of magnitude higher
than that of glycerol, we presume that the reduction in film thickness is largely due to evaporation
of water. Although the central protrusion has not been identified conclusively, our working
hypothesis is that it represents a salt deposit associated with the electrospray deposition process.
Alternatively, entrainment of a central air bubble is also commonly associated with droplet impacts
on solid surfaces in appropriate ranges of Re and We.57
In the droplet on HOPG profiled in Figure 2.12e, the initial droplet height of ~50 nm
decreases to ~12 nm after drying. At this thickness, the droplet on HOPG also begins to exhibit a
central protrusion, similar to that in the droplets on diyne PC. We note that, due to the minimal
impact of vacuum drying in the diyne PC sample, the sample processing was streamlined in testing
the droplets on HOPG, which were subjected only to 6 hours of heating at 70 °C. Presumably the
large difference in the decreases in film thickness for droplets on the two substrates indicates that
the droplets on diyne PC undergo more rapid initial evaporation due to their larger surface areato-volume ratio in comparison with droplets on HOPG, which have a higher contact angle.

2.4

Conclusion
Taking advantage of the high degree of nanoscale orthogonality intrinsic to biological cell

membranes, we have observed drop shape and alignment consistent with directional wetting
effects on lengths approaching the molecular scale. Unlike lying-down phases of carboxylic acids
commonly used to functionalize layered materials, sitting phases of phospholipids have a more
strongly wettable and protruding headgroup chemistry that produces wetting effects strong enough
to persist when the headgroups are confined to 1D assemblies that limit headgroup-specific wetting
in lying-down phases. Both phosphoethanolamine and phosphocholine headgroups improve
droplet sticking and spreading in comparison with lying-down phases of fatty acids. The
headgroup of diyne PC carries a protruding, obligate positive charge on the choline group;
monolayers of diyne PC can cause spray-coated nanoscale droplets to resolve into rodlike features
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with diameters as little as ~6 nm and lengths as great as 100 nm, directionally aligned with the
striping direction of the monolayer, and presumably pinned to the rows of headgroups.
The capability to direct wetting at length scales below 10 nm utilizing a noncovalent ligand
chemistry has the potential for broad impacts in applications (e.g. interfaces for nanoelectronics or
optoelectronics) that require scalable production of designed interfacial structures at nearmolecular length scales. Results from the experiments presented here suggest that for 1D
functional assemblies at polar/nonpolar interfaces that experience restricted ionization due to the
largely nonpolar surroundings, a combination of topographic protrusion and obligate charge
provides a useful framework for templating directional wetting at sub-10-nm scales.
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FACTORS CONTROLLING THE FORMATION OF
ULTRATHIN FILM OF POLAR LIQUID ON 2D MATERIALS USING
POLYFUNCTIONAL NONCOVALENT LIGAND LAYERS

3.1

Introduction
Coating is an important process in food and pharmaceutical productions to provide

protections against physical and chemical degradations as well as biological contaminations.135, 136
The rise of nanotechnology has led to vigorous studies on the development of nanomedicines e.g.
nanopills to promote higher efficacy based on targeted drug delivery.137-142 These active
pharmaceutical ingredients of these nanomedicines are generally formulated in the delivery
vesicles with sizes ranged from 10 to 200 nm.143 Therefore, it is important to create coating films
with thickness at least one order of magnitude smaller. The convention methods face limitation to
make thin films with thickness < 10 nm.144-146 The ability to create ultrathin protective layers is
also very important in nanoelectronics and photovoltaic industries to protect devices from
corrosion.147-151
Previously, we have demonstrated that diyne PC is capable of creating directional wetting
using nanoscale droplets which resolved into rodlike features with diameters as small as the
lamellar width of ~6 nm and adopted epitaxial alignment with the diyne PC monolayers because
of its larger topographic protrusion and permanently charged terminal headgroup. Next, we ask if
we could utilize the topographic and electrostatic features of diyne PC to create large thin films.
In this study, a simple and controllable way to create homogeneous and smooth ultrathin
films with thickness < 2 nm and multi-micrometer diameter, which is at least 3 orders of magnitude
larger than the initial droplet size, is demonstrated using aqueous glycerol solutions. The effects
of different factors to modify the film morphology are studied. Nanoelectrospray is utilized in this
study because of its capability to create uniform films at high speed of ≤ 10 s. Glycerol is chosen
in this study because of its non-volatility, wide use in the production of edible coating materials
and additives for food and pharmaceutical industries135, 152-158 as well as its recent classification as
a valuable green solvent.
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3.2

3.2.1

Experimental Methods

Lipid Monolayer Preparation
Self-monolayers of diyne PC was deposited on 1 cm × 1 cm HOPG substrates using LS

transfer technique (see Chapter 2.2.1 for experimental details) on a LB trough from MicroTrough
S (Kibron, Helsinki, Finland) by spreading 30 μL of 0.5 mg/mL diyne PC dissolved in CHCl3 on
a subphase of 18.2 MΩ∙cm H2O at 30°C. Substrates were freshly cleaved immediately prior to
sample deposition. After the small amount of CHCl3 used for amphiphile transfer was allowed to
evaporate, trough barriers were swept inward to adjust the surface pressure. When the surface
pressure reached the required dipping condition (20 mN/m, an automated custom-made magnetic
dipper attachment on the LB trough was utilized to lower a freshly cleaved HOPG substrate, at a
dip rate of 5 mm/min, onto the subphase with the cleaved surface. This dipper allowed constant
heating of substrate at 50°C during the LS transfer. After 4–7 min in contact with the liquid
interface, the HOPG was gently lifted out of contact with the liquid using the automated dipper.
Samples were photopolymerized by irradiating for 1 hr under a 254-nm 8-W UV lamp with
approximately 4 cm between the lamp and the sample surface. All experiments were carried out
under UV-filtered light to prevent polymerization in solution.

3.2.2

AFM Imaging
All AFM topography images were acquired under ambient conditions using a Veeco

MultiMode (Bruker Instruments, Billerica, MA) instrument in tapping mode with Bruker MPP
silicon probes (P/N RFESP-75, nominal force constant 3 N/m and tip radius <12 nm), at typical
imaging rates of 1 line/second, and amplitude setpoints of 280-350 mV.

3.2.3

Nanoelectrospray
Glycerol (≥99.5% purity) and poly(ethylene glycol) (PEG)-200 were purchased from Sigma

Aldrich (St. Louis, MO). Aqueous solutions containing 1–5% glycerol and 2% PEG-200 each were
prepared using pure deionized water. Capillaries used in this experiment have orifice outer
diameters of 4 μm. To induce spraying, unless otherwise stated, a -1.2 kV bias was applied to the
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Pt electrode, while the Cu counter-electrode was grounded. Unless otherwise stated, the working
distance between the capillary orifice and HOPG surface was 3 mm. Experiments were carried out
in a glovebox (model 818-GB, Plas Laboratories, Lansing, MI) with humidity control in the range
of 90−95%.

3.3

3.3.1

Results and Discussions

Preparation of Monolayers with High Coverage
Due to its bulky terminal groups, diyne PC generally forms small domains on HOPG with

high vacancies (Figure 2.1c) when prepared at ambient conditions.75 Because it is critical to
prepare a surface template with high coverage to make large thin films, it is important to optimize
the experiment parameters to achieve this goal. Previous studies have shown that spreading as well
as diffusion and desorption rates increase with temperature during the monolayer transfer, resulting
in increased homogeneity and domain size of the monolayers.159-162 Additional studies also suggest
that the presence of ionic salts has significant effects on the morphology of the monolayers and
reduces the available phosphatidylcholine molecules to adsorb at the interface.163-165 Based on
these findings, I explored the effects of subphase and substrate temperature as well as the
substrate–subphase contact time on the transfer efficiency. Figure 3.1 shows that by (1) increasing
the substrate–subphase contact time from 5 to 7 mins and (2) continuously heating the HOPG
substrate at 50°C during the LS transfer, continuous monolayers with high coverage are created
and would be used to promote the formation of ultrathin liquid films with large diameters.
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Figure 3.1 AFM phase images of diyne PC illustrating the effects of substrate–subphase
interaction time, the temperature of water subphase, and with or without heating of substrate during
the LS transfer.

Figure 3.2 Schematic of nanoES method to deposit nanodroplets of aqueous glycerol to create
liquid films.
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In our previous study, we have demonstrated that we can control the viscosity of
nanodroplets upon impact based on relative humidity and that high relative humidity of > 90%
promotes spreading of high surface tension liquid.75 In this study, I explore additional controllable
factors that promote the formation of large thin films at 90–95% R.H using nES method
(Figure 3.2).

3.3.2

Low Concentration of Glycerol Promotes Spreading of Ultrathin Films
Increased Re number due to reduced liquid viscosity promotes the spreading of liquid to

form thin films.56, 133, 166 To optimize the effect of viscosity on spreading to form continuous think
film, I modulate the concentration of aqueous glycerol in the spray solution. Figure 3.3a shows
that when 1% v/v aqueous glycerol is sprayed for 5 s onto the surface, thin film is ruptured along
the rows of headgroups of the diyne PC monolayers, as we have previously observed.75 At 2%
glycerol, much larger and smoother thin film is observed. Figure 3.3b shows an ultrathin film with
a diameter >15 µm. The average thickness is 1.7 ± 0.3 nm. A closer look at the edges of these thin
films formed from 1 and 2% aq. glycerol (Figure 3.3a,b insets), shows that they adopt directional
wetting as they spread to larger area. In contrast, as the concentration increases to 3 and 4%,
increased viscosity restrict spreading, resulting in smaller and thicker films (Figure 3.3c,d). We
also notice that as concentration of glycerol increases, liquid resist spreading and phase segregate
due to the increased viscosity and adopt uniform-sized circular films with average diameter of 5.7
± 1.2 µm and thickness of 3.0 ± 0.5 nm.
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Figure 3.3 AFM phase images to compare the spreading behavior of (a)–(d) 1–4% aqueous
glycerol (v/v) on diyne PC interfaces. Insets are AFM topography images to show enlargement of
the regions of phase images.

Figure 3.4 AFM phase images of 5% aqueous glycerol sprayed for 10 s onto diyne PC interface.
Insets are AFM topography images to show enlargement of the regions of phase images. Line
profiles represent the average film thickness.
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3.3.3

Small Amount of Low Surface Tension Co-Solvent Promotes Spreading of Smooth Thin
Films
Glycerol has high surface tension similar to that of water. Conventionally, water soluble

alcohol is added as a co-solvent to reduce the overall surface tension of the solution and to
facilitate aqueous solubility and spraying performance.167-170 Macroscopic spreading of liquid
mixtures on solid based on surface tension gradient is also related to the Marangoni effect.171
Studies have shown that, at the macroscale, drastic reduction of surface tension is observed when
>5% of low tension solvent is added to the liquid mixtures.171-173 Postulating that the addition of
a small amount of low surface tension solvent would reduce the interfacial tension and therefore
promote spray stability as well as spreading efficiency of aqueous glycerol on the functionalized
surface at the nanoscale, the effect of cosolvency on the thin film morphology is studied using
ethanol (surface tension 22.85 mN/m, 20°C).58, 173

Figure 3.5 AFM phase images to show the film morphologies of 2% aqueous glycerol dissolved
in the presence of (a)–(d) 0–10% ethanol on diyne PC interface. Insets are AFM topography images
to show enlargement of the regions of phase images.
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Figure 3.5 shows that 2% glycerol is capable of forming large thin films, with diameters
>15 µm, when 0–1% ethanol is added to the solution. In the absence of ethanol cosolvent,
pinholes are observed (Figure 3.5a). However, when 1% of ethanol is added, surface tension of
the solution is reduced and continuously smooth thin film is observed (Figure 3.5b). When
higher amount of ethanol (≥ 5%) is added to the glycerol solution, sparse and much smaller
liquid films, diameters <5 µm, are observed and noticeable thin rupture is observed where these
thin films integrate smaller fragments (Figure 3.5c,d). Increasing ethanol content reduces the
surface tension and viscosity of the liquid mixtures and leads to increased Re and We numbers
and hence spreading. As spreading continues, the film becomes unstable and ruptures at the
critical thickness.56, 133, 166, 174

3.3.4

Effects of the Polarity and Magnitude of Spray Voltage on Film Morphology
Because the thin films of this work are prepared using an electrospray58, 59, 175, 176 method

where nanodroplets are formed based on electric field, factors such as the polarity and magnitude
of the accelerating spray voltage as well as spray distance could have important effects on the
film morphology. To avoid chaotic spray, the conventional nanoelectrospray is carried < 1.5 kV.
Because nES is used primarily to deposit liquid droplets at very small scale necessary to form
thin films, the state of ionization is not expected to critically influence the film morphology.
Figure 3.6a,b shows that large thin films, with diameters >15µm, are formed independent of the
spray polarity. As the precursor droplets travel from the capillary to the sample surface, they
undergo continuous evaporation until they reach the charge density threshold to break up to form
smaller droplets. Because the rate of fission is highly dependent on the charge density, the
magnitude of the spray voltage is expected to play a more influential role in the film
morphology. Reducing the spray voltage by 0.2 kV unit reduces the fission effiency and leads to
formation of smaller and more sparsely distributed liquid films (Figure 3.6c). Increasing the
magnitude of the spray voltage to 1.4 kV, large films are observed. A closer look at the edges of
the thin film in Figure 3.6d shows uneven thickness of the film and higher amount smaller
droplets distributed at the film border suggest the possibility of chaotic spray at larger spray
voltage.
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Figure 3.6 AFM phase images to compare the effects of spray voltage on the film morphologies
of 2% aqueous glycerol on diyne PC interface. Insets are AFM topography images to show
enlargement of the regions of phase images.

3.3.5

Effects of Spray Distance on Film Morphology
As the droplets travel from the capillary tip to the sample interface, they undergo constant

evaporation and uneven fissions at Rayleigh limit to form extremely small droplets.177 Efficient
analyte transmission can be achieved at the optimal spray distance, x in Figure 3.7a, between the
capillary tip and the sample surface. At smaller spray distance, clusters of droplets due to
inefficient evaporation and Coulombic explosion are expected to be deposited onto the sample
surface. Conversely, higher spray distance allows longer evaporation to form smaller droplets.
Figure 3.7 confirms the hypothesis and shows that at small spray distance of x = 2 mm, nonspreading clusters of analytes are observed on the surface whereas at x = 4 mm, sparsely
distributed small liquid film is observed. Spray distance of 3 mm represents the optimal spray
distance for the formation of smooth thin films (Figure 3.7c).
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Figure 3.7 (a) Schematic of nanoelectrospray to deposit the glycerol droplets onto a functionalized
substrate. (b)–(d) AFM phase images to compare the effects of spray distance, x mm, on the film
morphologies of 2% aqueous glycerol on diyne PC interface. Insets are AFM topography images
to show enlargement of the regions of phase images. Arrow in (c) helps to guide the eyes to locate
ultrathin film on the interface.

3.3.6

Increased Spray Time Increases Thin Film Diameter
Postulating that by increasing the spray time, higher volume of spray droplets can be

deposited onto the surface and therefore increasing the diameter of the thin film,178, 179 I double
the spray time from 5 s to 10 s. Figure 3.8a shows the formation of an ultrathin film with
diameter ~20 µm. When the spray time is increased to 10 s, a much larger thin film, diameter
~55 µm, with a continuous and uniform morphology and thickness is formed (Figure 3.8b).
Because the AFM characterization is restricted by the instrument design with a maximum lateral
scan size of ~14 µm, the images in Figure 3.8 are based on a series of AFM images of the films
put together using Microsoft Paint software. Based on the experimental results, I believe that
much larger thin film can be achieved with increased spray time. The ability to form
continuously large and ultrathin films is important in the coating industry.
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Figure 3.8 AFM phase images of 2% aqueous glycerol when sprayed for 5 s (top, scale bar 5 µm)
and 10 s (bottom, scale bar 13.7 µm). The dotted lines are to help guide the eyes.

3.3.7

Liquid Polymer-based Thin Films
Liquid polymer blends are commonly used in the coating industry to facilitate the

stability and durability of the coating films.180 Aqueous PEG-200 was used doe preliminary
study of the wettability of liquid polymer. Figure 3.9a shows that PEG-200 (aq) was capable of
spreading across a large area of diyne PC to form thin films. However, such behavior was also

48
observed on bare HOPG, suggesting that the formation of thin film can be done using liquid
polymer, in this case PEG-200, but it is not surface-specific.

Figure 3.9 AFM phase images of 2% PEG-200 (aq) deposited onto (a) diyne PC and (b) bare
HOPG using nanoES method. Insets are AFM topography images to show the enlargement of
regions of phase images.

3.3.8

Substrate Preheating and Impacts of Film Morphology
In addition to physical and chemical properties of the liquid, the surface energy of the

substrate is expected to play an important role to promote liquid spreading. Studies also show
that substrate preheating promotes formation of homogeneous film but it would also reduce the
line width and merging phenomenon of the liquid droplets.181-183 To understand how substrate
temperature would affect our sample preparation, I heated the substrate at 50°C for 5 (Figure
3.9a) and 10 mins (Figure 3.9b) before spraying to study the effects of substrate temperature on
liquid spreading using 2% glycerol on diyne PC-functionalized HOPG substrate. Figure 3.9
shows that increased heating time increases the number of non-merging smaller thin films,
consistent with the literature. Because the goal of this work is to create large and continuous thin
films, preheating the substrate is not practiced.

49

Figure 3.10 AFM topography images of 2% aqueous glycerol liquid film on substrates preheated
at 50°C for (a) 5 mins and (b) 10 mins. The images below show enlargement of the regions of
respective images above.

3.4

Conclusion
This work demonstrates simple and controllable ways to prepare smooth and uniformly

distributed thin films of polar liquid, with thickness <3 nm, on bioinspired interfaces with lamellar
periodicity of 6 nm that are precisely patterned with alternating hydrophobic and hydrophilic
stripes. By adjusting the composition of the solution (e.g. concentration and cosolvency), we can
modify surface tension and viscosity of the liquid solution upon impact. These factors affect the
wettability and spreading of the liquid and therefore alter the thin film morphology. Optimizing
nES parameters such as spray voltage, distance and time provides additional control over thin film
formation. The ability to create large and continuous ultrathin films with no defects e.g. pinholes
is very important in the coating industry.
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TEMPLATING CRYSTALIZATION OF SMALL
ORGANIC MOLECULES ON 2D MATERIALS USING
POLYFUNCTIONAL NONCOVALENT LIGAND LAYERS

4.1

Introduction
Integrating 2D materials into functional devices requires the ability to structure the interface

for useful coupling with additional material layers.74, 79, 80, 94, 96, 119, 184, 185 For most applications, an
ideal template interlayer would present a minimal barrier between the 2D material and the next
functional layer (e.g. minimizing electrical resistance), while maximizing the available
functionality for tailoring interfacial structure. 2D materials are frequently functionalized
noncovalently to preserve extended electronic conjugation, raising unique challenges in stabilizing
the monolayer toward solution processing and other common device preparation conditions.
However, biology routinely utilizes noncovalently assembled interface architectures to direct
nucleation and growth of crystalline materials. Here, we leverage an interface comprising useful
structural features of both biological molecules and layered materials to direct nucleation and
growth of anisotropic crystals of small molecules with aromatic groups, modeling classes of
molecules used for energy conversion.
Long-chain amphiphiles (e.g. PCDA, Figure 4.1) are a class of functional molecules
commonly used to direct interface structure on 2D materials. Unlike the standing phases of
amphiphiles comprising phospholipid bilayers in cell membranes, lamellar lying-down phases73
can be assembled on HOPG.67 Alkyl chains orient epitaxially with the HOPG lattice;186 favorable
interactions between headgroups can produce a head-to-head orientation for adjacent rows (Figure
4.1, top right). For molecules with an internal diyne, topochemical photopolymerization187, 188
creates a conjugated ene-yne (Figure 4.1, bottom right).69, 121, 189 useful both as a molecular wire
and to stabilize the monolayer toward solution processing.74, 190
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Figure 4.1 Schematic illustrating use of noncovalently adsorbed functional template on a 2D
material to control crystallization of aromatic small molecules.

Recently, we have demonstrated that noncovalent ligand layers of polymerized amphiphiles
can be used to control interfacial wetting at both macroscopic and nanoscopic scales. During
solvent exposure, ligand head and tailgroups of polymerized diynoic acids can undergo structurespecific dynamics that induce useful changes interfacial wetting properties. Additionally, we have
found that horizontally-oriented phases of phospholipids form what we term a ‘sitting’ phase, in
which the phosphate sits adjacent to the HOPG, while the terminal functional group (typically an
amine or similar group) protrudes 1–3 Å from the interface.
Previously, we have shown that this striped interface architecture has useful consequences
for inducing anisotropic wetting in liquids at the nanoscale; results presented in this chapter show
that the rows of headgroups can also help direct crystallization with molecular orientations and
crystal habits different than those induced by the substrate lattice.
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4.2

4.2.1

Experimental Methods

Lipid Monolayer Preparation
Diyne PC and diyne PE (>99.0% purity) were purchased from Avanti Lipids (Alabaster, AL).

PCDA (≥97% purity) and chloroform (≥99.5% purity) were purchased from Sigma Aldrich (St.
Louis, MO). Milli-Q water (~18 MΩ∙cm resistivity) was used in all experiments. All chemicals
were used as received without further purification. All polymerizable amphiphiles were deposited
on 1 cm × 1 cm HOPG (SPI Supplies, West Chester, PA) substrates. Substrates were freshly
cleaved immediately prior to sample deposition. All experiments were carried out under UVfiltered light to prevent polymerization in solution.
Self-assembled monolayers of diacetylene-functionalized phospholipids and fatty acids
were prepared using LS transfer technique on a LB trough from MicroTrough S (Kibron,
Helsinki, Finland). LS transfer of phospholipids was carried out by spreading 20 μL of 0.5
mg/mL diyne PE or diyne PC in CHCl3 on a subphase of 18.2 MΩ∙cm H2O at 26°C. For PCDA,
16 μL of 0.75 mg/mL PCDA in CHCl3 was deposited instead. After the small amount of CHCl3
used for amphiphile transfer was allowed to evaporate, trough barriers were swept inward (8.5
mm/min each barrier, total trough surface area 216 cm2) to adjust the surface pressure. When the
surface pressure reached the required dipping condition (20 mN/m for diyne PE and diyne PC,
30 Å2/molecule for PCDA), an automated dipper attachment on the LB trough was utilized to
lower a freshly cleaved HOPG substrate, at a dip rate of 5 mm/min, onto the subphase with the
cleaved surface facing down, nearly parallel (tilt angle 2–3°) to the liquid interface. For PCDA, a
standard dipper was used. For diyne phospholipids, a custom-built magnetic dipper was used.191
This dipper allowed constant heating of substrate at 55°C during the LS transfer. After 4 min in
contact with the liquid interface, the HOPG was gently lifted out of contact with the liquid using
the automated dipper. Samples were photopolymerized by irradiating for 1 hr under a 254-nm 8W UV lamp with approximately 4 cm between the lamp and the sample surface.

4.2.2

Crystallization using Petri-dish Method
L-phenylalanine (Phe), L-tryptophan (Trp), and L-tyrosine (Tyr) (≥98.0% purity) were

purchased from Sigma Aldrich (St. Louis, MO). 28 mM of Tyr was dissolved in heated deionized
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water (~65°C) containing 0.3% (v/v) of 2 M NaOH, for a final NaOH molarity of 6 mM, resulting
in a solution pH ~10.5. The mixture was constantly stirred and heated on a hot plate (65°C) for 1
hr. The undissolved material was removed using vacuum filtration. Final Tyr concentration used
for crystallization was ~5 mg/mL. The substrate containing the amphiphilic monolayers was
lowered onto the filtrate using the automated dipper (dip rate = 10 mm/min). After 2 hr in contact
with the filtrate, the substrate was gently lifted out of contact with the Tyr solution. 30 mg/mL (or
180 mM) Phe and 20 mg/mL (or 100 mM) Trp were each dissolved in 18.2 MΩ • cm deionized
water containing ~3% (v/v) of 2M NaOH. The contact time was 90 mins for both. Both solutions
were fully dissolved at room temperature and no filtration was necessary. All the substrates were
stored overnight in a dry box containing a dehumidifier (Eva-Dry, Westchase, FL) for humidity
control of <25%.

4.2.3

Crystallization using NanoES Method
L-lysine (Lys) (≥98% purity), L-glutamic acid (Glu) (≥99% purity), L-aspartic acid (Asp)

(≥99% purity), L-cysteine (Cys) (97% purity), L-histidine (His) (≥99% purity), 5-hydroxyl-L-Trp
(98% purity), phloretic acid (98% purity), DL-hydroxyphenyllactic acid (≥97% purity), and all the
inorganic salts used in this work: NaCl, Na2SO4, Na2HPO4, Na2S2O3•5H2O, CaCl2, CaCO3, and
MgSO4 were purchased from Sigma Aldrich (St. Louis, MO). Phe, Aqueous Phe, Tyr and Trp
solutions of 10 mM (or ~2 mg/mL) were prepared using pure deionized water. Small amount of
2M NaOH (1–3% v/v) was added as needed to facilitate dissolution. Aqueous 10 µM of monosulfo-NHS-NanoGold® and mono-NHS-undecagold, purchased from Nanoprobes (Yaphank,
NY), were prepared. Black solid McKittic asphaltene was dissolved in toluene solvent to make 0.5
mg/mL (dark brown) solution. Asphaltenes were obtained from Purdue collaborator, Kenttämaa
Research Lab (Purdue Chemistry, West Lafayette, IN).
Nanoscale droplets were produced using a nanoES assembly consisting of an electrode
holder (P/N ESP-M15N, Warner Instruments, Hamden, CT) with a platinum wire (diam. 0.127
mm, Sigma Aldrich, St. Louis, MO) inserted into the capillary. Capillaries suitable for nanoscale
droplet emission were prepared by pulling borosilicate glass capillaries with 1.5 mm o.d. and 0.86
mm i.d. (Sutter Instruments, Novato, CA) using a Sutter Instruments micropipette puller (model
P-87). Capillaries were pulled to produce an orifice outer diameter of 3 μm. To induce spraying, a
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-1.2 kV bias was applied to the Pt electrode, while the Cu counter-electrode was grounded. The
working distance between the capillary orifice and HOPG surface was 3 mm. Capillaries were
filled with amino acid solution (typical total volume 10 μL) for droplet spraying. The duration of
spray was 10 seconds. Asphaltene solution was sprayed for 15 seconds at -2 kV over working
distance of 0.5–1 mm. Experiments were carried out in a glove box (model 818-GB, Plas Labs,
Lansing, MI) with humidity control in the range of 90–95%. All the substrates were stored
overnight in a dry box containing a dehumidifier (Eva-Dry, Westchase, FL) for humidity control
of < 25%.

4.2.4

AFM Imaging
All AFM topography images were acquired under ambient conditions using a Veeco

MultiMode (Bruker Instruments, Billerica, MA) instrument in tapping mode with Bruker MPP
silicon probes (P/N RFESP-75, nominal force constant 3 N/m and tip radius <12 nm), at typical
imaging rates of 1.5 line/second, and amplitude setpoints of 280-350 mV. A dehumidifier was
placed inside the isolation chamber to maintain a relative humidity of 50% or less.

4.2.5

Tip Deconvolution
The widths are corrected for tip convolution effects based on the expression

4

/

, where W is the apparent width, R is the tip radius of 8 nm and r is the

molecular radius.192 The lengths are corrected based on
apparent length, Δ representing the convolution effect such as

2 , where L is the
,

where rtip is the tip radius and h is the average object height.193

4.3

4.3.1

Results and Discussion

Structure of Self-Assembled Amphiphilic Monolayers
To create templates to direct crystal growth, we prepare monolayers of polymerizable

diynoic acids (e.g. PCDA) and diyne phospholipids on HOPG using LS deposition technique
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(Figure 4.1). The two polymerizable phospholipids utilized in this study are diyne PE and diyne
+

PC. The phospholipids differ only in their terminal functional group (-NH3 / -NH2 for diyne PE
+

and -N(CH3)3 for diyne PC). All three molecules contain internal diynes which are capable of
undergoing topochemical photopolymerization under UV irradiation when aligned (e.g. in the
lamellar phase on HOPG).74 as shown schematically in Figure 4.1 and Figure 4.2.
Differences in headgroup chemistry between the three molecules suggest they may function
somewhat differently in templating growth of organic crystals. PCDA assembles a lying down
phase, in which H-bonded carboxylic acid dimers form along the center of each lamella. Lamellar
patterns with periodicity ~6 nm are visible in AFM images, although the minimal topographic
protrusion of the headgroups (<0.1 nm) in some cases makes it more straightforward to identify
lamellar features by phase imaging. Due to the difference in molecular architecture (Figure 4.2b,c
vs Figure 4.2a), diyne phospholipids assembled into lamellar phases on HOPG adopt a sitting
phase geometry we have studied previously,74 in which the phosphate sits adjacent to the HOPG
surface and the terminal functional group protrudes 1‒3 Å (see models of headgroup rows in Figure
4.3c,d). As a result, AFM topography images of diyne phospholipids exhibit more obvious
topographic protrusions corresponding to paired rows of headgroups. While the amphiphilic
monolayers have head-to-head lamellar periodicity of ~6 nm, ~80% of this region, or ~5 nm, is
comprised of nonpolar alkyl tails (Figure 4.4). In the context of crystallization, the headgroup
protrusion of sitting phase monolayers is likely to facilitate the interaction between the monomers
and the surface template through both the phosphate and the terminal amine or ammonium groups.
Electrostatic surface maps of the three classes of monolayers generated previously also reveal that
sitting phase of phospholipids have stronger polarization compared to that of PCDA,75 possibly
suggesting a stronger propensity for aligning polar ends of polyfunctional small molecules with
the phospholipid heads.
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Figure 4.2 (a) Photopolymerization of PCDA to poly(PCDA) (b) diyne PE, and (c) diyne PC,
which are capable of similar photopolymerization.

Figure 4.3 Representative AFM images of (a) HOPG substrate prior to noncovalent
functionalization, and HOPG functionalized with (b) PCDA, (c) diyne PE, and (d) diyne PC.
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Figure 4.4 Molecular models of the (a) top view and (b) side view of diyne PC on HOPG.

4.3.2

Crystal Structure of Aromatic Amino Acids
Figure 4.5 shows the chemical structures and representative crystal structures of the three

aromatic amino acids (Phe, Tyr and Trp) obtained from the Cambridge Structural Database
(CSD),194 based on previous literature reports for macroscopic crystals formed by evaporation
from saturated aqueous solutions.195-198 Phe (Figure 4.5a) has a nonpolar phenyl side chain, and
has been crystallized in a unit cell with parameters a = 8.795, b = 6.036 and c = 31.523 Å in the
rhombic space group P21 with α = γ = 90° and β = 96.6441° (refcode QQQAUJ06).194, 197 In
contrast, Tyr and Trp comprise polarized aromatic systems. Tyr (Figure 4.5b), has a phenol side
chain with the hydroxyl group in the para position, crystallizing in an orthorhombic space group
P212121 with unit cell dimensions of a = 6.913, b = 21.116 and c = 5.829 Å (refcode
LTYROS10).194, 196, 198 Trp (Figure 4.5c), has an indole side chain, and crystallizes in space group
P1, with unit cell parameters a = 11.430, b = 11.464 and c = 35.606 Å with α = 84.421, β = 87.694
and γ = 60.102° (refcode VIXQOK).194, 195
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Figure 4.5 Chemical structure of (a) Phe, (b) Tyr and (c) Trp and their respective crystal lattice
obtained from Cambridge Structural Database, with reference codes QQQAUJ06, LTYROS10 and
VIXQOK respectively.194

Crystal structures of the three molecules shown in Figure 4.5 reveal differences in
molecular packing that would be expected to influence crystallization on the templated surfaces
used here. These three molecules contain charged amino and carboxylate groups, promoting
electrostatic interactions with the ionized functional surface through the rows of
ammonium/phosphate zwitterionic pairs exposed in the phospholipid templates, or the
carboxylates in PCDA templates. The difference in their side chains affects the intermolecular
interactions and hence the overall directionality of the crystal packings. Phe contains a phenyl
side chain. In crystals, the phenyl rings pack into either parallel displaced or T-shaped
geometries, which confer reduced electrostatic repulsion in comparison with face-on π
stacking.199-202
Figure 4.5 shows that the charged groups of Phe are aligned parallel along the rows and
H-bond with the charged groups of the neighboring monomers to form a hydrophilic bilayer
along the column. Tyr monomers adopt an antiparallel geometry along the row such that the
hydroxyl H-bonds with the charged headgroups along the row of monomers. Indole N side chain
of Trp forms adopt T-shaped geometry along the row and bilayers between the rows. Alternating
hydrophilic and hydrophobic layer is observed in Phe while hydrophilic interactions are mostly
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observed for Tyr and Trp. The presence of hydrophilic interlayers in Tyr and Trp is likely to
impact interactions of monomers with the template.
Solubility also affects crystallization. Phe, with solubility of 28 mg/mL, dissolves readily
in water. In contrast, Tyr and Trp have much lower solubility, 0.53 mg/mL and 13.2 mg/mL
respectively. In our experiments, we prepare the crystals using 30 mg/mL of Phe, 5 mg/mL of
Tyr and 20 mg/mL of Trp solutions (See Experimental Methods for details).203 Lower solubility
in aqueous solution will facilitate the adsorption of monomers onto the functionalized-interface
from solution and hence promote crystal growth. This is consistent with the absence of regular
structure of Phe and the formation of Tyr and Trp nanocrystals on functionalized amphiphilic
monolayers observed in our experiments (Figure 4.6). Much higher concentration of Tyr was
used in this work because at lower concentration of 0.76 mg/mL, regular structures of Tyr were
only observed on diyne PC-functionalized interface (Figure 4.7a) but not on diyne PE (Figure
4.7b) and PCDA (Figure 4.7c), suggesting that larger headgroup protrusion and the permanent
charge of diyne PC play are important factors affecting crystallization at the nanoscale.

4.3.3

Epitaxial Growth of Nanoscale Anisotropic Crystals on Amphiphilic Monolayers
To study the crystal growth on the amphiphilic monolayers, crystals of Phe, Tyr and Trp

were grown on functionalized HOPG templates in two routes: (1) from saturated aqueous
solutions (Figure 4.6a) and (2) from nanoscopic droplets of aqueous solutions deposited on the
interface using nanoES (Figure 4.6b). For crystallization from bulk solution, the functionalized
HOPG substrate was slowly lowered until it was in contact with the aqueous amino acid solution.
The substrate was in contact with the solution for either 90 mins (Phe and Trp) or 120 mins
(Tyr), unless otherwise stated, before lifting it out of contact with the solution. For nanoES
deposition, aqueous amino acid solution was sprayed onto the surface for 10 seconds in a
humidity-controlled environment. The substrates were stored overnight in a dry environment
(relative humidity < 25%) prior to AFM characterization. Figure 4.6 compares the morphologies
of amino acid crystals grown on bare HOPG and diyne PC using both methods. Deposition of
Phe and Tyr on bare HOPG do not result in regular morphologies (Figure 4.6c,d) while
deposition of Trp on bare HOPG produces films with thicknesses ~ 2.1 nm and amorphous
vacancies (Figure 4.6e) suggesting the formation of Trp plates on HOPG.
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Figure 4.6 Schematics of nanoscale crystallization of aromatic amino acids (a) from
supersaturated bulk solutions and (b) from nanoscale droplets generated using a nanoES capillary.
(c-f) AFM phase images showing the morphologies of (c) Phe, (d) Tyr and (e) Trp on bare HOPG.

Our experiments show regular structures and strong epitaxial matching of Tyr and Trp to the
rows of headgroups of diyne PC monolayers (Figures 4.8, 4.10a and 4.13a). AFM phase images
of crystals prepared using both methods reveal similar crystal behavior: Tyr adopts a rodlike
morphology while Trp forms platelike crystals on diyne PC interfaces. Tyr nanorods and Trp
nanoplates are also observed on diyne PE and PCDA morphologies (Figures 4.10b,c and 4.13b,c).
Figure 4.9 illustrates a potential crystal behaviors of Tyr and Trp on diyne PC interface. Amino
acid crystal orientations, extracted from CSD database, shown in Figure 4.9 were chosen to
maximize ion-ion interactions between RCOO-/RNH3+ groups on the amino acids and R2PO4/RN(CH3)3+ of diyne PC. Figure 4.9a suggests that Tyr monomers adopt an interdigitated structure
and interact with both rows of the headgroups, which are ~ 6nm apart, and grow inwards from the
headgroups to form elongated structures. Figure 4.9b shows that Trp monomers grow laterally
from one row of the templating headgroups to form a thin sheet of crystal parallel to the interface.

61

Figure 4.7 AFM phase images showing the presence of regular Tyr nanorods only on (a) diyne
PC but not on (b) diyne PE and (c) PCDA when lower concentration of 0.76 mg/mL was used.
Crystallization was based on petri-dish method. Insets are topography images; scale bar 400 nm.

Figure 4.8 AFM topography images of (a) Tyr and (c) Trp assembled on diyne PC templates using
nanoelectrospray method. Insets (c.d) are phase images showing the respective enlarged regions.
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Figure 4.9 Cartoons to illustrate a potential crystal behaviors of (a) Tyr and (b) Trp on diyne PC
interface.

The Tyr crystal structure is comprised of dimeric units. Charged groups for the two amino
acids are positioned at opposing ends of the dimer, and adopt similar directionality (Figure 4.9a,
left). Along the a axis of the crystal, C‒N vectors maintain the same directionality, pointing to the
capability of pairing with a row of lipid headgroups; the NH3+ in each dimer should point down
to interact with the row of phosphate groups in the lipid template. Lattice matching between P‒N
zwitterions in the template and C‒N zwitterions in the postulated Tyr crystal orientation is poor:
the distance between zwitterionic groups in the template is ~0.9 nm, while for Tyr it is <0.7 nm.
However, the flexible alkyl bridge between phosphate and ammonium groups in the lipid template
in principle will allow the amines to collectively adopt nearly arbitrary positions along the row.
Figure 4.10 shows the results of crystallization of Tyr on diyne PC, diyne PE and PCDA
templates from bulk solution. All three amphiphilic interfaces support the epitaxial growth of
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rodlike features with related structural characteristics. Histograms for diyne PC and PCDA each
reveal a single maximum at 5–6 nm, similar to the lamellar width of the amphiphilic templating
interface (Figure 4.10a,c right column). Mean deconvoluted diameters of Tyr on diyne PC and
PCDA are 7 ± 3 nm and 7 ± 4 nm respectively. In contrast, the histogram of diameters for diyne
PE is somewhat less uniform. Although the mean diameter of Tyr on diyne PE is 7 ± 4 nm, and
there are peaks at 5 and 10 nm, there is also a peak at 3 nm (Figure 4.10b, right column). The
presence of this peak would be difficult to reconcile with the proposed nucleation mechanism
involving bridging rows of headgroups with a spacing of 5–6 nm. However, a 3-nm rod diameter
could instead be consistent with the structure illustrated in Figure 4.11, in which two rows of Tyr
dimers form along paired rows of PE headgroups, and a third row of Tyr dimers inserts in the space
directly above the headgroups, while the terminal amines and phosphates in the template
interdigitate below the crystal. Additional experiments with other monomers and/or templates
would be necessary to conclusively verify such a structure; however, such a bridging mechanism
may also be involved in the formation of the larger rods observed on both diyne PE and diyne PC
templates.
AFM topography image (Figure 4.10b) reveals much larger and rounder Tyr on diyne PE.
Table 4.1 compares the number of nanorods (with width < 10 nm) to the number of larger features
on 1 µm2 of the three amphiphilic template interfaces based on AFM images illustrated in Figure
4.10. Line profiles extracted from AFM topography images reveal that these larger and globularshaped features on diyne PE have much taller height of 15.0 ± 7.0 nm compared to the mean height
of 3.8 ± 0.6 nm for the nanorods. These larger features also have lower aspect ratio of ~2 compared
to the ~3 for Tyr nanorods on diyne PE. We also observe clusters formed by larger Tyr features on
diyne PE, which could suggest that the presence of neutral terminal headgroup lower templating
efficiency of the nanocrystals. Larger Tyr rods with much higher aspect ratio of ~7 are also
observed on diyne PC. Generally, nanorods exhibits aspect ratios (length/width) of ~6 on diyne
PC, 3 on diyne PE and 2 on PCDA. Nanorods on diyne PC have the highest aspect ratio, consistent
with its permanent charged state. The mean height of Tyr on diyne PC is 3 ± 1 nm, 8 ± 6 nm on
diyne PE and 10 ± 5 nm on PCDA. Higher number of nanorods with shorter height are observed
on diyne PC compared to those on diyne PE and PCDA could suggest that diyne PC provides a
more efficient nucleation site for faster crystal growth, consistent with strongly polarized
headgroup chemistry. Line profiles do not include the overlapped features on the interfaces. Both
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+

diyne PE and PCDA have both neutral and protonated terminal functional group (-NH3 / -NH2 for
diyne PE and -COOH / -COO- for PCDA) and have lower templating efficiency compared to that
of diyne PC. Large amount of vacancies on the PCDA-functionalized surface possibly due to the
destabilizing solvent effect.

Figure 4.10 AFM topography showing the epitaxial crystal growth behav-ior of Tyr along the
lamellae of (a) diyne PC, (b) diyne PE and (c) PCDA. Insets show enlargement of regions of phase
images. Scale bar of the inset is 50 nm. Histograms (right) shows the size distribution of Tyr crystal
rods on each class of amphiphilic template. Dashed black line illustrates the dis-tance between
rows of headgroups in the templates.
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Figure 4.11 Side views of paired diyne PE headgroup in (a) protruding and (b) non-protruding
configurations. (c) Over-lay of possible Tyr row structure on diyne PE template leading to 3-nm
diameter rods.

Table 4.1 Shows the number of nanorods and large features on the three amphiphilic template
interfaces per 1 µm2.

Crystal structure of Trp exhibits P1(1) symmetry; each unit cell contains two groups of eight
molecules (Figure 4.12, top). Along each row of molecules in the unit cell, the C-N aligns in the
same direction, useful for alignment of a row of molecules on the template; the distance between
adjacent C-N groups along the row is 0.49 nm, approximately half the spatial periodicity of
phospholipid headgroups along a row. Although it is possible to align rows of C-N axes
approximately commensurate with adjacent rows of phospholipid headgroups in the xy-plane, it is
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not straightforward to reconcile this alignment with the plate-like structures observed after
assembly of Trp on all three templates (Figure 4.13).
A possible alternative assembled structure could involve initial pairing of rows of Trp with
template headgroups, followed by reorientation to position the long molecular axis approximately
normal to the substrate. Such an orientation would result in a molecular layer thickness of ~0.8
nm, based on the end-to-end distance of Trp molecules adopting the conformation observed in the
bulk crystal structure. This calculated thickness is in reasonable agreement with the observed
heights of Trp-plates of ~1 nm assembled on the three interfaces (Figure 4.13, right column).
Further, such an orientation would allow for both π and lateral H-bonding interactions between
indole rings on the growing crystal faces of each plate.

Figure 4.12 Crystal structure of L-Trp unit cell and the C-N alignment relatively to the template.

Histograms of terrace heights for diyne PC and PCDA exhibit multiple peaks (0.8, 2.2, and
3.0 nm for diyne PC; 0.9, 1.7, and 3.3 nm for PCDA). The uneven spacing of the second and third
peaks in both cases could be consistent with the alternating hydrophilic and hydrophobic
boundaries in the layer structure proposed above, which may create a preference for adding two
molecular layers to a growing crystal face (e.g. resulting in a transition from 0.8 to ~2.4 nm for
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diyne PC). Helical fibrillar structures are in some cases observed in addition to plates; similar
fibrillar Trp assemblies have been observed previously in the absence of templates,204, 205 so are
not believed to be specifically related to the surface chemistry here.

Figure 4.13 AFM topography showing the epitaxial crystal growth behavior of Trp along the
lamellae of (a) diyne PC, (b) diyne PE and (c) PCDA. Insets show enlargements of regions of
phase images highlighting epitaxial alignment between linear crys-tal edges and lamellar axis of
template. Scale bar of the inset is 50 nm. Histograms (right) show the uniform thickness of the Trp
nanoplates grown on amphiphilic templates.
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4.3.4

Sitting Phases of Polymerizable Phospholipids Provide Active Nucleation Sites for
Crystallization
To understand the role of headgroup chemistry in the crystallization of organic

molecules, I varied the contact time of diyne PC-functionalized HOPG with aqueous Trp
solution and characterize the observation using AFM. Figure 4.14 reveals the different crystal
growth behavior on diyne PC, diyne PE, PCDA and HOPG at 5 mins, 15 mins and 30 mins. At 5
mins contact time (Figure 4.14, top row), precipitation of Trp forms mostly at domain interiors of
phospholipids (Figure 4.14a,b) compared to the precipitation observed at domain and step edges
of PCDA (Figure 4.14c) and HOPG (Figure 4.14d). Hexagonal features observed on HOPG
could be suggesting the initial epitaxial alignment based on π-π interaction between the aromatic
component of Trp and the underlying graphitic structure. At 15 mins, crystals on diyne PC and
diyne PE begin to grow laterally from the domain interiors along the rows of headgroups of
phospholipids. In contrast, crystals on PCDA and HOPG grow from the domain and step edges.
At 30 mins, crystals continue to spread outward over larger areas. No regular structure is
observed on HOPG. The experimental observations suggest that the sitting phases of
polymerizable phospholipids provide active nucleation regions for crystallization of small
organic molecules due to their elevated topographic features and enhanced electrostatic
properties of the headgroups.

Figure 4.14 AFM topography images showing nucleation of Trp at 5 mins (top), 15 mins (middle)
and 30 mins (bottom) induction time on (a) diyne PC, (b) diyne PE, (c) PCDA and (d) bare HOPG.
Insets show enlargement of regions of phase images.
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4.3.5

Polyfunctional Aromatic Characteristic Critical for Epitaxy and Crystal Formation
Figure 4.15 compares the morphologies of negatively charged (L-Glu and L-Asp),

positively charged (L-Lys and L-His) and sulfur-containing (L-Cys) amino acids on diyne PCfunctionalized substrates. Previous studies have shown that the presence of at least one phenyl
group is critical for crystal formation because the intermolecular π-π interactions between the
aromatic rings promote uniform packing of the monomers.206, 207 Amino acids illustrated in
Figure 4.15a-e do not contain aromatic functionality and therefore are not expected to form
crystals. Addition of a hydroxyl-group to the indole side chain of Trp of 5-hydroxy-L-Trp
(Figure 4.15f) is expected to disrupt the π-πstacking of the monomers, preventing the formation
of regular structure. Results illustrated in Figure 4.15g,f suggest that the presence of both Hdonor and H-acceptor or zwitterionic characteristic (e.g. Tyr and Trp) of an aromatic molecule
plays an important role in the epitaxial alignment with the surface template, possibly due to the
electrostatic interactions between the monomers and the N- and P-termini of diyne phospholipid
template.

Figure 4.15 AFM phase images of 10 mM aqueous (a) L-Glu, (b) L-Asp, (c) L-Lys, (d) L-His,
(e) L-Cys, (f) 5-hydroxyl-L-Trp , (g) phloretic acid, and (h) DL-hydroxyphenyllactic acid
deposited onto diyne PC interfaces using nanoES method.
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4.3.6

Formation of Spherical Crystals using Inorganic Salts
Generally, crystallization is affected many factors such as the concentration of the

solution and chemical properties of the molecules used.208-212 Inorganic salts, particularly NaCl,
have been used as the standard porogens to facilitate 3D cell growth in the tissue engineering
industry.211, 213 In this work, I carried out experiments to study the effects of concentration and
ionic strengths on crystal morphology of inorganic salts on template at the nanoscale. Figure
4.16a–c shows that by increasing concentrations of NaCl (aq) from 10 to 100 mM, the amount of
crystals being deposited onto the surface was also increased. However, the crystals remained
spherical. As the concentration was increased to 500 mM (Figure 4.16d), clusters of anisotropic
NaCl crystals were observed, possibly related to saturation. At such high concentration,
additional factors such as chaotic spray and tip clogging also affected the crystal morphology and
caused biases. These factors were difficult to control and therefore only concentration <100 mM
was used. It will be useful to know how inorganic salts crystallize at higher concentration using
the petri-dish method.

Figure 4.16 AFM phase images to show NaCl (aq) forms spherical crystals on diyne PC at
concentrations 10–100 mM (a)–(c) and anisotropic crystal clusters at (d) 500 mM. Images (d)(i)
and (ii) show enlargements of regions of (d).
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Additional experiments were carried out using other sodium salts such as Na2SO4,
Na2HPO4, and Na2S2O3•5H2O (Figure 4.17a–c) as well as divalent salts of alkaline earth metals
such as CaCl2, CaCO3, and MgSO4 (Figure 4.17d-h) and they yielded similar observations. All of
these salts formed spherical features on diyne PC, suggesting that their crystal morphology was
independent of concentration and ionic strength. Tables 4.2 and 4.3 summarize the average
height and diameter of NaCl, CaCO3 and MgSO4 crystals on diyne PC. It does not appear that
there is an obvious trend to relate the types of salt and the measurements. Quantitative evaluation
shows that the average height (Table 4.2) and diameter (Table 4.3) values of the salt crystals
deposited using 100 mM are generally smaller than those prepared using 10 mM. The difference
could be related to the spray mechanism. A possible explanation is that higher ionic salt
concentration results in higher charge accumulation214 and hence Coulombic repulsion, leading
to the formation of smaller droplets upon impact and thus smaller crystal sizes. Another possible
explanation is that higher concentration of salt promotes faster nucleation and therefore results in
the formation of many smaller crystals. Additionally, high concentration of salt would modify
the surface tension and the stability of the spray droplets.215, 216 Increased number of crystals
observed on the surface when higher salt concentration was used (Figure 4.17e–h). Generally,
these ionic salts seemed to position only on the amphiphilic monolayers instead of on the
exposed bare graphite regions, suggesting the presence of some level of intermolecular
interactions between the ionic salts and the zwitterionic interfaces.

Table 4.2 Average height of inorganic salt crystals on diyne PC interface.
NaCl (aq)
CaCO3 (aq)
MgSO4 (aq)

10 mM
9.9 ± 2.5 nm
10.0 ± 2.6 nm
5.6 ± 1.2 nm

100 mM
7.0 ± 1.3 nm
2.2 ± 0.2 nm
4.2 ± 0.9 nm

Table 4.3 Average diameter of inorganic salt crystals on diyne PC interface.
NaCl (aq)
CaCO3 (aq)
MgSO4 (aq)

10 mM
19 ± 9 nm
16 ± 5 nm
12 ± 5 nm

100 mM
8 ± 2 nm
6 ± 2 nm
7 ± 3 nm
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Figure 4.17 AFM phase images showing the morphology of aqueous salts of (a) 10 mM Na2SO4,
(b) 100 mM Na2HPO4 ,(c) 100 mM Na2S2O3•5H2O, (d) CaCl2, (e) 10 mM and (f) 100 mM CaCO3,
(g) 10 mM and (h) MgSO4 deposited onto diyne PC-functionalized surfaces using nanoES method.

4.3.7

Effects of Ionic Characteristics of Gold Nanoparticles and Asphaltenes Deposition on
Layered Materials
Gold nanoparticles (AuNPs) are widely used in various applications in nanotechnology,

such as biosensing and nanomedicine industries due to their unique optical and surface
properties, enhanced stability as well as low bio-toxicity.137, 217-219 Conventionally, AuNPs
functionalized with the reactive N-hydroxy-sulfosuccinimidyl (NHS) group are used to label
primary amines in peptide- and protein-related studies.220, 221 Here, we are interested to learn how
NHS-functionalized-AuNPs will interact with the sitting phase of diyne PE monolayers
comprised of primary amines. The two types of labels used in this work were mono-sulfo-NHSNanogold® and mono-sulfo-NHS-undecagold (Figure 4.18a,b). Spherical crystals were observed
on diyne PE using both molecules, besides the higher density of mono-sulfo-NHS-Nanogold®
deposited on diyne PE compared to mono-sulfo-NHS-undecagold, no obvious patterns or
difference was observed.
A non-related substance, asphaltene, has complex composition containing highly
polarized molecules and asphaltenes are commonly found in crude oil. Asphaltene precipitation
and deposition have caused serious problems such as clogging in the oil industry.222 We were
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curious about how asphatenes will behave on the amphiphilic monolayers. Based on the general
understanding that this substance contains polar substance,223 we decided to deposit this
substance onto diyne PC interface because of its stronger polarity compared to diyne PE and
PCDA. The deposition was difficult and sparse despite the very small spray distance of <1 mm
and longer spray time of 15 seconds, possibly due to the use of volatile toluene solvent (Figure
4.18c). Because of the sparse deposition and limited understanding about the molecule, we have
decided not to pursue this study further.

Figure 4.18 10 mM aqueous (a) mono-sulfo-NHS-AuNPs and (b) mono-sulfo-NHS-undecagold
on diyne PE and (c) asphaltenes on diyne PC deposited using nanoES method.

4.4

Conclusion
Here, we have demonstrated a framework to template crystal growth of organic molecules

at nanoscale on 2D materials using polyfunctional noncovalent monolayers. Crystallization of
polarized aromatic amino acids on amphiphilic monolayers adopt molecular alignment with the
rows of ionic interfacial headgroups. Our results also show that the sitting phases of polymerizable
phospholipids provide effective nucleation sites at domain interiors to facilitate crystal growth due
to their elevated headgroup protrusion from the hydrophobic HOPG interface and stronger
electrostatic properties in comparison with the lying-down phases of fatty acids. In contrast,
inorganic molecules did not adopt crystallization anisotropy possibly due to the absence of both
the aromatic functionality as well as zwitterionic characteristic required to interact with the surface
templates. the This study indicates the importance of zwitterionic headgroups of the templating
monolayers in directing crystallization of small organic molecules containing a polarized aromatic
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system and zwitterionic pair of functional groups. The findings of this work lays the groundwork
for future studies related to crystallization of such organic molecules on interfacial templates
containing elevated zwitterionic headgroup architectures.
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APPENDIX

TIME-POINT NUCLEATION STUDY FOR SMALL MOLECULES WITH SIMILAR
CHEMICAL STRUCURES AS L-TRYPTOPHAN
To compare how small organic molecules form plate-like nanocrystals, I have started
experiments to crystallize Trp-like molecules with different induction time to study crystal growth.
The molecules I used have similar chemical structures as L-Trp, a molecule that forms plate-like
nanocrystals on amphiphilic monolayers, as described in Chapter 4. Figure A.1 shows the
molecules selected for preliminary screening. These molecules were selected due to the available
crystal structure information from the CSD194 online database. Their respective CSD reference
codes were in parentheses.194 Table A.1 lists the chemical structures of these molecules.

Figure A.1 Molecules used in the preliminary screening of this work. Letters in the parentheses
are their respective reference codes on CSD online databases. The respective space group
information as well as a representative crystal structure for each molecule are also included.194,

224-229
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Table A.1 Chemical structures of Trp analogues used in this work.
(a) N-methyl-L-Trp

(b) DL-5-hydroxytryptophan

(c) N-acetyl-L-Trp

(d) DL-Trp

(e) L-tryptophanamide HCl

(f) L-Trp methyl ester HCl

A.1

Crystallization using Petri-dish Method
N-acetyl-L-tryptophan (≥99% purity), DL-tryptophan (≥99% purity), L-tryptophan methyl

ester HCl (98% purity) were purchased from Sigma Aldrich (St. Louis, MO). L-tryptophanamide
HCl (>95% purity) and DL-5-hydroxytryptophan (>99% purity) were purchased from Alfa
Aesar, (Tewksbury, MA). N-methyl-L-tryptophan or L-abrine (>98% purity) was purchased
from Indofine (Hillsborough, NJ). All chemicals were used as received without further
purification. Supersaturated solutions of these chemicals were prepared based on either the
readily available saturation limit in literature or by experiments (Table A.2). Small amount of
2M NaOH (aq) were added to increase solubility. All experiments were done in ambient
environment. Each substrate containing the corresponding amphiphilic monolayers was lowered
onto the aqueous solution using the automated dipper (dip rate = 10 mm/min). Contact time was
5–90 mins. Kimwipes were used to wick off the excess liquid from the edges of the substrates to
minimize disruption to the crystallization. All samples were stored overnight in a dry box
containing a dehumidifier (Eva-Dry, Westchase, FL) for humidity control of < 25%. See Chapter
4.2 for experimental details for Langmuir film preparation and AFM imaging.
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Table A.2 Solubility of Trp analogues used in this work.
Molecule
L-Abrine230
5-Hydroxy-DL-Trp
N-Acetyl-L-Trp231
DL-Trp232
Tryptophanamide HCl
L-Trp-methyl ester HCl

A.2

Amount used in this
work (mg/mL)
2
10
4
15
250
250

% v/v 2M NaOH
(aq) added
1
5
1
4
1
1

Results and Discussions
Based on previous work discussed in Chapter 4, my hypotheses for this study are (1)

zwitterionic characteristic in the monomers is critical for epitaxial alignment with the template,
(2) both N- and C-termini of Trp analogues interact normal to the headgroups of the template, (3)
because the phosphate group of the template is buried next to the substrate, changes to Cterminal on the monomers will have stronger effect on the crystal morphology, and (4)
crystalline plates grow based on - stacking of indoles and changes to the side chain will
disrupt crystal formation. Based on these hypotheses, only molecules (c) and (d) from Table A.1,
or N-acetyl-L-Trp and DL-Trp respectively, will likely to form plate-like crystals on the
amphiphilic monolayers. Experiment results agreed to my hypotheses.
Figures A.4, A.8 and A.9 show the chemical structures and representative crystal structures
of DL-Trp, N-acetyl-L-tryptophan and L-abrine respectively based on CSD.194 DL-Trp (refcode
QQQBTP01) and L-Trp have similar chemical structures but different chirality. DL-Trp has been
crystallized in a unit cell with parameters a = 18.986, b = 5.768 and c = 9.379 Å in the
monoclinic space group P21/C with α = γ = 90° and β = 101.84°.194, 225 N-acetyl-L-Trp (refcode
ACLTRY) is the N-acetyl-derivative of L-Trp and they differ only at the N-terminal. N-acetyl-LTrp crystallizes in an orthorhombic space group P212121 with unit cell dimensions of a = 7.470,
b = 25.912 and c = 6.247 Å with α = β = γ = 90°.194, 226 L-abrine (refcode WAJBIS), with a
methyl substituting a hydrogen on the N-terminal, crystallizes in space group in an orthorhombic
space group P212121 with unit cell dimensions of a = 5.372, b = 8.595 and c = 24.083 Å with α
= β = γ = 90°.194, 229
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Figure A.2 AFM topography images of DL-Trp (aq) on diyne PC (yellow column), diyne PE
(green column), PCDA (blue column) and bare HOPG (gray column) at 5 mins (first row), 15
mins (second row), 30 mins (third row) and 90 mins (bottom row) prepared using petri-dish
method. Scale bar is 1 µm. Insets are AFM phase images of the enlarged regions of the
respective topography images and scale bar in each inset is 400 nm.
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Figure A.2 above shows that nucleation of DL-Trp was observed as early as 5 mins on
functionalized surfaces and plate-like crystals were observed. Plates aligned with sitting phases
of diyne PE and diyne PC monolayers were observed. Figure A.3 shows the enlargement of
AFM phase images of DL-Trp crystal plates after 90 mins contact time with the substrates. These
plates have relatively uniform height of ~2 nm. Multilayered plates were observed on the lying
down phase of PCDA (Figure A.3b). Dendritic vacancies were observed on HOPG as early as 5
mins possibly due to interfacial instability (Figure A.2 gray column).233 I assume dendritic
crystals formed at the air–water interface and they prefer to stay in the solution phase instead of
being transferred onto the HOPG substrate. The thickness of these plates are ~ 2 nm (Figure
A.4b) and Figure A.4c shows some possible orientations of the monomers with respect to the
surfaces. Even though the plate thickness on amphiphilic templates is the similar to that on the
nonpolar HOPG interface, the intermolecular interactions are most likely to be different. On
diyne PC, diyne PE and PCDA interfaces, the N- and C-termini of DL-Trp are likely to orient
normally to promote electrostatic interactions with the N- and P-headgroups. On bare HOPG,
phenyl-groups of D-Trp is more likely to interact with the graphitic surface to facilitate -
stacking.

Figure A.3 AFM phase images of DL-Trp (aq) on (a) HOPG, (b) PCDA, (c) diyne PE and
(d) diyne PC with 90 mins contact time.
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Figure A.4 (a) Chemical structure of DL-Trp (refcode QQQBTP01). (b) Line profiles of DL-Trp
on (i) diyne PC and (ii) HOPG substrates extracted from AFM topography. (c) Crystal lattice and
distance measurements (green numbers in Ångstrom) based on CSD database.194

The experimental results show very different crystal morphologies adopted by L-Trp and
DL-Trp even though both molecules have similar chemical structure. Previously, L-Trp formed
large continuous epitaxial nanoplates on sitting phase phospholipids (Figure 4.13) but the DLTrp plates form on these monolayers are much smaller (Figure A.2). The difference in the
chirality affects the crystal structures of the two molecules as illustrated by the Figure A.5. The
difference of the overlapping of the bilayer and the angles are possible factors that contribute to
the different crystal morphology on the surface templates.

Figure A.5 Crystal structures of (a) L-Trp and (b) DL-Trp showing a difference in the crystal
arrangement based on CSD database.194
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Figure A.6 AFM topography images of N-acetyl-L-Trp (aq) on diyne PC (yellow column),
diyne PE (green column), PCDA (blue column) and bare HOPG (gray column) at 5 mins (first
row), 15 mins (second row), 30 mins (third row) and 90 mins (bottom row) prepared using petridish method. Scale bar is 1 µm. Insets are AFM phase images of the enlarged regions of the
respective topography images and scale bar in each inset is 400 nm.
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Figure A.6 compares the crystal growth of N-acetyl-L-Trp on the different surfaces at
different time intervals. A proton of the primary amine of the monomer has been substituted by
the bulkier N-acetyl, interfering the electrostatic interactions between the N-P termini. Figure
A.7 shows the AFM phase images of N-acetyl-L-Trp on the four surfaces after 90 mins contact
time. The plates observed on diyne PE are much smaller than those observed on diyne PC,
suggesting the effects of headgroup topography and electrostatic properties of the interfaces. The
plates on diyne PC have thickness of ~ 2 nm (Figure A.8bi) while those on HOPG have thickness
of ~0.7 nm (Figure A.8bii). Proposed orientation of the molecules relative to the surfaces are
illustrated in Figure A.8c. The indole side chain is more likely to orient parallel to the surface of
HOPG to form a bilayer with thickness of ~0.7 nm. In contrast, the functionalized termini of the
N-acetyl-L-Trp are likely to orient almost perpendicularly to the surface for electrostatic
interactions with the amphiphilic templates. It is unclear to me as of why both DL-Trp and Nacetyl-L-Trp form rod-like vacancies on HOPG that are relatively uniform in size, These
vacancies seem to adopt some level of epitaxy (angled at ~60/120°) as well as parallel alignment
relative to one another, possibly due to the surface dipole as well as the interactions between the
organic molecules and the graphitic surface.234-236 Plate-like features of L-abrine were observed
on HOPG but not on the functionalized surfaces (Figure A.9).

Figure A.7 AFM phase images of N-accetyl-L-Trp (aq) on (a) HOPG, (b) PCDA, (c) diyne PE
and (d) diyne PC with 90 mins contact time.
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Figure A.8 (a) Chemical structure of N-acetyl-L-Trptophan (refcode ACLTRY). (b) Line
profiles of N-acetyl-L-tryptophan on (i) diyne PC and (ii) HOPG substrates extracted from AFM
topography. (c) Crystal lattice and distance measurements (green numbers in Ångstrom) of
ACLTRY based on CSD database.194

Figure A.9 (a) Chemical structure of L-abrine or N-methyl-L-tryptophan (refcode WAJBIS). (b)
Line profile of L-abrine on HOPG extracted from (c) AFM topography images. Inset is AFM
phase image of the enlargement of the region. (d) Crystal structure representing the unit cell of
L-abrine extracted from CSD online database.194
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ABSTRACT: The use of dimensionally ordered ligands on layered materials to direct local electronic structure and interactions
with the environment promises to streamline integration into nanostructured electronic, optoelectronic, sensing, and nanoﬂuidic
interfaces. Substantial progress has been made in using ligands to control substrate electronic structure. Conversely, using the
exposed face of the ligand layer to structure wetting and binding interactions, particularly with scalable solution- or sprayprocessed materials, remains a signiﬁcant challenge. However, nature routinely utilizes wetting control at scales from nanometer
to micrometer to build interfaces of striking geometric precision and functional complexity, suggesting the possibility of
leveraging similar control in synthetic materials. Here, we assemble striped “sitting” phases of polymerizable phospholipids on
highly oriented pyrolytic graphite, producing a surface consisting of 1 nm wide hydrophilic stripes alternating with 5 nm wide
hydrophobic stripes. Protruding, strongly wetting headgroup chemistries in these monolayers enable formation of rodlike wetted
patterns with widths as little as ∼6 nm and lengths up to 100 nm from high-surface-tension liquids (aqueous solutions of
glycerol) commonly utilized to assess interfacial wetting properties at larger length scales. In contrast, commonly used lyingdown phases of diynoic acids with in-plane headgroups do not promote droplet sticking or directional spreading. These results
point to a broadly applicable strategy for achieving high-resolution solution-based patterning on layered materials, utilizing
nanometer-wide patterns of protruding, charged functional groups in a noncovalent monolayer to deﬁne pattern edges.
KEYWORDS: self-assembly, noncovalent functionalization, layered materials, anisotropic wetting, diynoic phospholipid,
directional wetting, nanoscale wetting, self-assembled monolayer

■

reactive functionalities,6 interface dipoles,7 or ionic functionalities8 to control properties ranging from crystallization of
inorganic materials to the wettability of liquids. Here, we begin
to elucidate design requirements for using precise, nanometerwide assemblies of functional groups in monolayers on layered
materials to create high-resolution (sub-10 nm) features in
materials deposited through an industrially relevant spray
coating process, as a foundation for integration into multilayer
device architectures.
Lying-down phases of ligands are frequently used for
noncovalent functionalization of layered materials, and

INTRODUCTION
Because of the widespread interest in modulating graphene
electronic properties, signiﬁcant eﬀorts have been directed
toward ordering noncovalent ligand layers to control
molecule−substrate interactions.1−3 However, ordering ligands
to promote speciﬁc, spatially resolved interactions with the
environment (e.g., electrodes, optoelectronic active layers,
analytes) is also a problem of growing importance for precisely
registered integration into functional devices.4 Fundamentally,
this requires spatial localization information to be encoded in
the ligand layer by displaying two or more diﬀerent (e.g.,
wetting-orthogonal) surface chemistries in a controlled way
(Figure 1). At larger length scales, patterning methods such as
soft lithography5 utilizing standing-phase monolayers including
alkanethiols on Au(111) have been used to structure local
© 2017 American Chemical Society
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COOH-terminated monolayers exhibited a ∼6-unit shift in the
onset of ionization.24 Recently, we have observed a shift of ∼4.5
units in the ionization of lying-down monolayers of PCDA, in
which the carboxylic acid functionalities form 1D assemblies.23
While contact angle titration curves are dependent upon many
factors, including the orientations of functional groups and their
interactions within the monolayer,26 an increasingly strong shift
in ionization behavior for 2D, 1D, and 0D assemblies of
COOH groups at a nonpolar interface would be consistent with
the changing local dielectric environment around lowerdimensional functional assemblies. Such a trend suggests
challenges for creating highly wettable 1D and 0D features
near the molecular scale, in which functional groups lie at a
polar/nonpolar boundary in the plane of the monolayer, as well
as adjacent to a nonpolar substrate.
At the same time, the energetic cost of forming high-surfacearea-to-volume-ratio features27 implies utility for especially
strong surface wetting chemistries to template creation of highresolution 1D (and 0D) features in a subsequently applied
material. Taken together, these competing trends suggest that
to utilize common classes of lamellar (1D) ligand phases to
structure interfacial wetting near the molecular scale, special
attention must be paid to the wetting properties of the
headgroups, not only in solution, but in the speciﬁc assembled
geometry.
Biology provides useful design paradigms for complex selfassembled structures that have been leveraged to address a
growing set of needs in synthetic nanostructured materials.28−32
Although local diﬀerences in wettability play signiﬁcant roles in
the assembly of DNA and proteins,33 wetting orthogonality is
the foundation of the cell membrane; the 6 nm hydrophilic−
hydrophobic−hydrophilic cross-section of the lipid bilayer
controls the ﬂow of water,34 ions,35 and other small molecules36
between cell interior and exterior. The chemistry of weak acids
and bases is utilized routinely in the membrane periphery,
inﬂuencing processes ranging from the localization of
peripheral membrane proteins37 to the modulation of passive
diﬀusion rates of small-molecule drugs.38 Phosphoglycerolipids,
comprising 60−80% of eukaryotic lipid membrane content,39
have a polyfunctional polar headgroup structure that is
especially well-suited to regulating wetting orthogonality at
short length scales, suggesting possible utility in controlling
wetting at layered material interfaces.
Recently, we have found that on layered materials such as
highly oriented pyrolytic graphite (HOPG), it is possible to
reorient lipids from the “standing” structure observed in
biological membranes to a “sitting” orientation that exposes
both their hydrophilic and their hydrophobic components and
creates a small topographic protrusion for the terminal
functionality, negating interfacial pK1/2 shifts for that ionizable
group.23 In macroscopic wetting experiments such as contact
angle titrations,23 the size of the droplet (diameter ∼1 mm)
greatly exceeds both the ∼6 nm periodic width of the striped
hydrophilic−hydrophobic patterning and the 100 nm−1 μm
size of typical ordered domains. Thus, there is not an obvious
departure from the spherical cap droplet geometry when
measuring macroscopic contact angles. However, previous
experiments by Whitesides40 and others41−45 have indicated
that when the length scale of wetting (e.g., droplet diameter)
approaches the scale of chemical heterogeneity on the
substrate, anisotropic wetting eﬀects (e.g., diﬀerences in contact
angle and/or droplet aspect ratio) can emerge in directions

Figure 1. Sub-10 nm patterned interfacial wetting using amphiphilic
interface chemistry.

potentially represent a convenient means of patterning lowdimensional features to template the environmental interface at
very short length scales (<10 nm). For instance, functional
alkanes assemble into lamellar phases on layered materials,
exposing alternating stripes of headgroups and alkyl tails, with
typical periodicities on the order of 5 nm, dependent on tail
length. The sharp, 1 nm wide headgroup rows suggest a means
to direct formation of pattern edges, in the sub-20 nm regime in
which line edge roughness and other process-induced
deviations9,10 become signiﬁcant challenges in commonly
utilized fabrication processes. Early work on noncovalent
functionalization demonstrated that certain classes of functional
ligands (e.g., pyrene butanoic acid succinimidyl ester, PBASE,
and perylene tetracarboxylic dianhydride, PTCDA) can be used
to increase overall interfacial polarity, enabling deposition of
uniform layers of gate dielectrics such as Al2O3 and HfO2 by
atomic layer deposition (ALD) under ultrahigh vacuum (UHV)
conditions.11−13 A few reports also point to the capability to
achieve lower-dimensional structures: pentacosadiynoic acid
(PCDA) has been shown to seed deposition of 1D oxide
features from ZnO and Al2O3 via ALD,14 and 0D features in
porous covalent organic frameworks enable structured host−
guest interactions.4
Growing interest in scalable (e.g., solution- or sprayprocessing)15−18 methods for ﬁlm and device preparation has
prompted examination of the feasibility of utilizing noncovalent
monolayer chemistries in conjunction with such processes to
direct interfacial properties.4 Two key classes of challenges arise
in this regard. First, the noncovalent molecule−substrate
interface in lying-down monolayers is not intrinsically robust
toward removal or replacement of solvent.1,19 This problem has
begun to be addressed through strategies such as in situ
polymerization of the ligand layer (e.g., topochemical photopolymerization of PCDA).20−22 Second, and less widely
examined, are the challenges that arise in directing local
wetting utilizing functional patterns that modulate interface
dielectric near the molecular scale.23,24
The behavior of functional groups that deﬁne wettable and
nonwettable patterned areas of a surface begins to change at
boundaries, a phenomenon that becomes increasingly important in low-dimensional patterning. Ionizable groups such as
COOH commonly used to pattern wetting25 undergo
substantial pK1/2 shifts at high-dielectric/low-dielectric interfaces,26 due in part to the limited ability of the low-dielectric
material to stabilize the charged form of the functional group.
Early contact angle titrations by Whitesides and co-workers
found that in monolayers of COOH-terminated alkanethiols on
Au(111), the onset of ionization shifted up by ∼3 pH units for
a fully COOH-terminated monolayer (in comparison with the
ionization of acetic acid in aqueous solution), and that 15%
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parallel and perpendicular to the patterned chemical heterogeneity.
Here, we use the topographic protrusion and high degree of
wetting orthogonality intrinsic to the phospholipid architecture
to direct nanoscopic wetting of layered material surfaces by
high-surface-tension liquids (Figure 2, bottom). In comparison
with commonly used lying-down phases, we ﬁnd that sitting
phase monolayers increase overall droplet sticking. Moreover,
larger headgroup topographic protrusions and obligate charges

(e.g., phosphocholine) enable sprayed nanoscale droplets to
resolve, under appropriate impact conditions, into 1D
structures with diameters as small as 6 nm, presumably pinned
to rows of phospholipid headgroups. These ﬁndings begin to
establish a framework for leveraging classes of dimensional
ligand assemblies common in noncovalent functionalization
strategies to control structure in ﬁlms deposited through
scalable solution-based processes including spray-coating.

■

RESULTS AND DISCUSSION
Structural Diﬀerences between Lying-Down and
Sitting Phases Relevant to Wetting. To examine the role
of headgroup architecture in directing wetting, we prepared
monolayers of both phospholipids and fatty acids (Figure 2a),
and compared their nanoscopic wetting properties to those of
bare HOPG. Long-chain polymerizable amphiphiles (e.g.,
10,12-pentacosadiynoic acid (PCDA), Figure 2a) assemble
into lamellar phases on HOPG (Figure 2b) based on epitaxy
between the zigzag alkyl backbone and the hexagonal graphite
lattice.46,47 Molecules within the monolayer adopt a head-tohead orientation, resulting in edge-to-edge lamellar periodicities
(∼6.2 nm for PCDA) proportional to chain length. Topochemical photopolymerization of the internal diynes in the
assembled molecules (Figure 2b), an established technique for
creating ene−yne molecular wires,48−50 also increases solvent
stability.21,23 In our experience, the dual chain architecture of
the phospholipids substantially improves solvent stability
relative to that of single-chain fatty acids.23
While diynoic fatty acids adopt a true lying-down geometry,
bringing the carboxylic acid very near the nonpolar HOPG
interface, we recently observed that diynoic phospholipids51−53
assembled in similar monolayers preferentially adopt a “sitting”
geometry (Figure 2b, right; Figure 3a, right).23 In this
orientation, the phosphate sits adjacent to the nonpolar
HOPG interface, and the terminal functional group (−NH3+/
−NH2 for diyne PE and −N(CH3)3+ for diyne PC) can project
into solvent. In the context of controlling interfacial wetting,
this has two important consequences. (1) The terminal

Figure 2. (a) Structures of polymerizable amphiphiles used in this
work: 10,12-pentacosadiynoic acid (PCDA), 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (diyne PE), and 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine (diyne PC). (b)
Schematic of nanoscale surface patterning using polymerizable
amphiphiles, and structural diﬀerences in phospholipid sitting phases
that contribute to stronger patterned wetting eﬀects.

Figure 3. (a) Simulated headgroup orientations for lying-down phases
of PCDA and sitting phases of diyne PE and diyne PC. (b) AFM
images of monolayers of PCDA, diyne PE, and diyne PC. (c) Line
proﬁles and metrics from AFM images, showing increased topographic
protrusion for phospholipids versus PCDA.
19328
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functional protrusion creates subnanometer topographic
features expected to amplify local wetting diﬀerences; similar
features at larger scales are commonly employed in designing
superhydrophobic and other wetting-controlled surfaces.54,55
(2) For PCDA, interfacial pKa shifts result in an interface that is
predominantly neutral below pH 9.5,23 limiting wettability. In
contrast, even with an interfacial shift for the phosphate, at least
one phospholipid functionality remains charged across the
tested pH range from 2−14 (pK1/2(−HPO4−) ≈ 5.5,
pK1/2(diyne PE−NH3+) = 11), increasing wettability.
Evaluation of Monolayer Topographic and Electronic
Structure Relevant to Wetting. Topographical diﬀerences
visible in high-resolution AFM images (Figure 3b) are
commensurate with those predicted by minimized molecular
models on the basis of molecular dynamics simulations in
explicit water (Figure 3a). Line proﬁles extracted from AFM
topography images of the three amphiphiles (Figure 3c) reveal
headgroup protrusions (calculated as the average peak-totrough distance), yielding values of 0.05 ± 0.03 nm for PCDA,
with larger values of 0.11 ± 0.05 nm for diyne PE, and 0.19 ±
0.05 nm for diyne PC, commensurate with the sitting phase
morphology. Lengths of the alkyl chains in the three molecules
are very similar, leading to lamellar periodicities ranging from
6.1 ± 0.2 nm for diyne PE (smallest) to 6.4 ± 0.3 nm for diyne
PC (largest).
Electrostatic surface maps of monolayers of amphiphiles on
graphite (Figure 4a) also reveal diﬀerences in the surface

PC is the most strongly polarized. KPFM line scans (Figure 4b)
are similar for monolayers of each molecule, with small
decreases in CPD characteristic of π-conjugated molecular
systems;56,57 mean diﬀerences between background and
amphiphile domain CPD values acquired from line scans over
several domains are −62 ± 14 mV for PCDA, −77 ± 23 mV for
diyne PE, and −55 ± 14 mV for diyne PC. We note that the
commonly used dual-pass KPFM imaging mode used here lacks
spatial resolution to distinguish between heads and tails, so the
line scans above illustrate average values across a domain. Small
variations in measured values may be caused by diﬀerences in
domain width and ene−yne conjugation length as well as
phospholipid headgroup dipoles. The similarity in CPD values
for the three monolayers suggests that diﬀerences in wetting in
the experiments described below are not due to molecule−
substrate interactions that impact surface work function.
Electrospray Studies of Nanoscopic Wetting Properties of Amphiphilic Monolayers. To test nanoscopic
wetting behavior of our striped amphiphilic ﬁlms, we
constructed a nanoelectrospray capillary58 capable of generating
nanoscale droplets with diameters in a size regime similar to
that of the striped amphiphilic chemistry on the surface. Initial
diameters of droplets emitted from the nanoelectrospray
capillary are on the order of 200 nm, and decrease as the
droplets travel from the capillary oriﬁce toward the sample, due
to both evaporation and Coulomb explosions, with typical ﬁnal
diameters as small as 20 nm.59 Because the rate of evaporation
from the droplet surface is strongly dependent upon environmental humidity, the electrospray emitter was housed in an
environmental chamber to enable humidity control. For the
measurements here, we chose an aqueous solution of glycerol, a
low-vapor-pressure solvent (1 × 10−4 Torr (20 °C), vs 17.5
Torr (20 °C) for water)60 that facilitates imaging on the
relatively long time scales (10−100 min) typically necessitated
for acquisition of a series of AFM images across the sample.
Initial spraying experiments were carried out at ∼65%
relative humidity (r.h.). On bare HOPG (Figure 5a), droplets
of glycerol solution are observed primarily at step edges
following electrospray deposition (Figure 5a, right), with large
(>1 μm2) areas of the surface free of visible droplets. On
HOPG coated with monolayers of polymerized PCDA (Figure
5b), similarly, droplets are typically observed at step edges or
the edges of molecular domains. Samples of HOPG functionalized with either diyne PE (Figure 5c) or diyne PC (Figure
5d) exhibit very diﬀerent wetting behavior, with most drops
positioned at domain interiors (54%) versus at domain edges
(23%) or HOPG step edges (23%). On the phospholipid
monolayers, typical droplet diameters are smaller than droplets
observed on HOPG or PCDA, with smaller distances between
drops. Because samples are subjected to the same electrospray
conditions, this suggests a high degree of mobility for droplets
on HOPG and PCDA, with droplet impacts in most areas of
the surface resulting in bouncing or rolling, frequently observed
on lower-wettability surfaces.18,61−64
Line proﬁles from AFM images similar to those in Figure 5
were used to estimate contact angles for drops with diameters
of 50−100 nm visible on each sample (see the Supporting
Information). Out of the three monolayer chemistries tested,
the mean contact angle was lowest for diyne PC (14° ± 8°),
consistent with its slightly greater headgroup protrusion and
obligate charge on the terminal quaternary ammonium group.
Contact angles measured in these experiments are lower than
those measured in macroscopic advancing or receding contact

Figure 4. (a) Electrostatic maps of monolayers of PCDA, diyne PE,
and diyne PC, showing stronger polarization in phospholipids versus
PCDA. (b) KPFM of monolayers, with insets showing line scans
indicated in the original image, and average diﬀerences between
amphiphile domain and background values over several line scans.

electronic structure relevant to liquid droplet impact and
sticking. Because the monolayers are prepared via Langmuir−
Schaefer transfer, we model both phospholipid headgroups as
zwitterions (Figure 4a, middle and right columns), while PCDA
headgroups are modeled in the neutral state (Figure 4a, left
column), consistent with their very weak acidity in the
nonpolar environment of the HOPG surface. Vacuum models
(ε = 1) illustrate the maximum potential experienced by
droplets as they approach the monolayer surface; of the three
monolayer structures, the electrostatic potential map for diyne
19329
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mixtures at 20 °C varies from 1.005 mPa s for pure water to
1500 mPa s for pure glycerol.66 Increasing environmental
humidity during the spray process limits water losses from the
droplet surface during transit, decreasing viscosity at impact.
Impact dynamics of a droplet are frequently classiﬁed in terms
of the Reynolds number (Re = ρlDV/μl), and Weber number
(We = ρlDV2/γ), which relate droplet density (ρl), diameter
(D), and velocity (V) to either the dynamical viscosity (μl) or
the liquid−vapor surface tension (γ).62 Higher values of Re and
We are commonly associated with increased spreading early in
the collision; thus, increases in viscosity and/or surface tension
can oﬀset increases in droplet diameter or velocity. Subsequent
spreading dynamics and drying behavior are inﬂuenced by the
properties of the substrate including contact angle (e.g., due to
surface chemistry) and distribution of surface roughness.
Because the surface tensions for water (72.8 mN/m) and
glycerol (64 mN/m) are similar in comparison with their
viscosities (vide supra), we expect the primary diﬀerence in
spreading behavior at higher relative humidity to arise from
lower droplet viscosity.
At environmental humidity levels up to 70%, observed
droplets retain spherical cap morphologies (Figure 6a and c, left

Figure 6. (a) Spherical cap droplet geometries observed when 1%
glycerol in deionized water is sprayed onto diyne PC monolayers in a
65% r.h. environment. (b) Thin-ﬁlm wetting geometry observed at
85% r.h. (c) Line scans over typical drops showing transition from
spherical cap to pancake geometry.

and middle line scans). Above 70% r.h., droplets begin to adopt
ﬂattened “pancake” cross sections (Figure 6b) with thicknesses
from 2 to 6 nm (Figure 6c, right line scan). Flattened droplet
impact proﬁles are consistent with millimeter and micrometer
droplet impacts in Re regimes in which droplets undergo
signiﬁcant inertial spreading, but do not fragment.67 Similar
ﬂattened ﬁlms are observed for diyne PE but not for PCDA,
underlining the key role of the headgroup structure in directing
wetting.
At very high relative humidity (94−96%), droplets on diyne
PC-functionalized surfaces (but not PCDA or diyne PE) begin
to exhibit strong directional wetting eﬀects (Figure 7). In some
cases (Figure 7a,c), ﬁlm geometry suggests oblique droplet
impacts convolved with directional spreading, while in others
(Figure 7b), a nearly circular perimeter is visible, with ray-like
protrusions along one or more of the monolayer lattice
directions suggestive of splashing. Regions containing rodlike
droplet residues are most frequently observed around the
periphery of the sprayed zone, suggesting again that droplet
momentum is an important contributor to the directional

Figure 5. Energy-minimized models of monolayers assembled on
HOPG (left), and AFM topography images after exposure to a spray
of 1% glycerol in deionized water (right), for (a) bare HOPG, and
monolayers of (b) PCDA, (c) diyne PE, and (d) diyne PC, showing
enhanced droplet sticking to phospholipid domains versus bare HOPG
or PCDA.

angle measurements, and that there were not obvious
diﬀerences in angles measured parallel and perpendicular to
the lamellar axis (see the Supporting Information), consistent
with signiﬁcant contributions of droplet momentum to
spreading.
Formation of Ultrathin Films and Rodlike Liquid
Patterns on Diyne PC Monolayers. Having identiﬁed
diyne PC as the most strongly wetting surface chemistry, we
began to test whether it could be used to direct and conﬁne
nanoscopic wetting, by modulating impact parameters. The
spray deposition procedure provides a means to modulate
viscosity, one of the key parameters aﬀecting droplet ﬂuid
dynamics upon impact.62,65 The viscosity of glycerol−water
19330
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spreading liquid and rows of protruding charged headgroups.
Previous studies of ﬂuids in nanopores suggest that liquid
conﬁnement eﬀects related to wall chemistry begin at length
scales of ∼2 nm,68 very similar to the ﬁlm thicknesses below
which we observe directional wetting based on headgroup
chemistry here. Because each drop has a somewhat diﬀerent
diameter, velocity, and viscosity, diﬀerences are visible in the
population of liquid rod diameters and contact angles for
individual impacts.
Molecular dynamics simulations of glycerol and glycerol/
water ﬁlms wetting amphiphilic monolayers on graphitic carbon
sheets (glycerol ﬁlm shown in Figure 8) also support

Figure 8. Molecular dynamics simulations of liquid ﬁlm structure on
(a) PCDA and (b) diyne PC monolayers, showing directional wetting
eﬀects (i.e., liquid ﬁlm contracts retaining headgroup wetting) for
diyne PC (right) but not for PCDA (left). In top view, dotted lines
show initial extent of the liquid ﬁlm; heavier lines show average
contact line after ﬁlm retraction during dynamics.

diﬀerences in directional wetting based on headgroup. In
Figure 8a and b, the row of paired headgroups in each model is
aligned on the vertical axis near the center of the graphene
sheet. Each simulation begins with a thin ﬁlm of liquid
molecules distributed across the monolayer. After the
simulation, the liquid ﬁlm has contracted along diﬀerent axes
on the two monolayers. White dotted lines show the original
extent of the liquid ﬁlms, while solid white lines guide the eye
to the contracted edge of the liquid ﬁlm. On the diyne PC
monolayer (Figure 8b), the liquid ﬁlm contracts along the alkyl
chains to retain contact with charged headgroups. In contrast,
on the PCDA monolayer (Figure 8a), the ﬁlm contracts in a
manner that dewets headgroups along the top and bottom ends
of the row. Similar behavior in nanometer thick ﬁlms on diyne
PC monolayers is likely important in the directional wetting
eﬀects observed in Figure 7.

Figure 7. (a−c) Directional wetting observed at 95% r.h. on diyne PC.
(d) Inset from (c) showing striped wetted features in epitaxy with
monolayer template. (e) Line scan from highlighted region of (b), as
compared to a typical line proﬁle acquired at 85% r.h. Distribution of
height (f) and contact angle (g) versus fwhm for liquid nanorods in
highlighted regions of (b, orange ■) and (c, blue ●).

wetting process. In regions close to the center of the spray,
fusion of many drops creates thicker ﬁlms that begin to adopt
spherical cap geometries as the additional liquid volume begins
to oﬀset the reduced viscosity.
Figure 7d shows an enlarged region in Figure 7c in which
liquid spreading from a single parent droplet resolves into
nanorods adopting two diﬀerent epitaxial directions to align
with the amphiphilic axes in two diﬀerent monolayer domains.
Figure 7e shows a line scan extracted from the highlighted
region in the lower right quadrant of Figure 7b, illustrating
typical feature heights ∼1 nm, in comparison with a typical ﬁlm
proﬁle acquired at 85% r.h. Figure 7f and g compares height
and calculated contact angles versus fwhm, from populations of
representative liquid nanorods in the indicated regions of
Figures 7b (orange ■) and c (blue ●). Measured liquid rod
heights vary from ∼0.2−1.2 nm; although there is some
expected variability in widths of topographic protrusions
measured by AFM, clusters of rod diameters are visible at ∼6
and ∼12 nm, and liquid rod edges are straight for distances up
to 100 nm, suggesting strong interactions between the

■

CONCLUSIONS
Taking advantage of the high degree of nanoscale orthogonality
intrinsic to biological cell membranes, we have observed drop
shape and alignment consistent with directional wetting eﬀects
on lengths approaching the molecular scale. Unlike lying-down
phases of carboxylic acids commonly used to functionalize
layered materials, sitting phases of phospholipids have a more
strongly wettable and protruding headgroup chemistry that
produces wetting eﬀects strong enough to persist when the
headgroups are conﬁned to 1D assemblies that limit head19331
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KPFM Imaging. KPFM measurements were performed with an
Asylum Cypher ES (Asylum Research, Santa Barbara, CA) under
ambient conditions, using Pt-coated probes (MikroMasch,
HQ:NSC18/PT, nominal force constant 3 N/m and tip radius <30
nm).
Nanoelectrospray. Nanoscale droplets were produced using a
nanoelectrospray assembly consisting of an electrode holder (P/N
ESP-M15N, Warner Instruments, Hamden, CT) with a platinum wire
(diameter 0.127 mm, Sigma-Aldrich, St. Louis, MO) inserted into the
capillary. Capillaries suitable for nanoscale droplet emission were
prepared by pulling borosilicate glass capillaries with 1.5 mm o.d. and
0.86 mm i.d. (Sutter Instruments, Novato, CA) using a Sutter
Instruments micropipette puller (model P-87). Capillaries were pulled
to produce an oriﬁce outer diameter of 4 μm. To induce spraying, a
−1.2 kV bias was applied to the Pt electrode, while the Cu
counterelectrode was grounded. The working distance between the
capillary oriﬁce and HOPG surface was 3 mm. Capillaries were ﬁlled
with 1% glycerol (v/v) in 18.2 MΩ cm puriﬁed water (typical total
volume 10 μL) for droplet spraying. Experiments were carried out in a
glovebox (model 818-GB, Plas Laboratories, Lansing, MI) with
humidity control in the range of 50−100%.
Molecular Modeling. Software packages Maestro69 and Macromodel70 (Schrodinger,
Cambridge, MA) were used, respectively, to
̈
visualize the structures of phospholipids and fatty acids on graphene
and to perform force ﬁeld minimizations and molecular dynamics
simulations. All models were simulated using the OPLS_2005 force
ﬁeld,71 with no solvent ﬁle and extended cutoﬀs for van der Waals,
electrostatic, and hydrogen-bonding interactions. Minimizations were
performed using the Polak−Ribiere conjugate gradient (PRCG)
algorithm and gradient method with 50 000 runs and a convergence
threshold of 0.05. Most minimizations converged in less than 10 000
runs. For all calculations, atoms in the graphene sheets were frozen, to
more closely mimic the structure of HOPG. Thus, while they
contributed to the forces present in the system, their positions did not
change in response to conformational changes of the adsorbed
amphiphiles. For models demonstrating the amphiphile headgroup
height proﬁle, a bilayer of 1680 water molecules was placed on top of
the amphiphile monolayers during minimization to more accurately
simulate headgroup orientations under hydrated conditions, because
the presence of explicit water has been shown previously to impact
ﬁnal minimized geometry in comparison with the use of a solvent force
ﬁeld.72 Simulations of PCDA and diyne PC under glycerol were
performed in the same manner, with the exception that the water
bilayer was replaced with a glycerol layer comprised of 190 molecules.
After minimization, molecular dynamics were run with the SHAKE
protocol (bonds to hydrogen), a 1.5 fs step time, 10 ps equilibration
time, and 1000 ps simulation time with a temperature of 293 K.

group-speciﬁc wetting in lying-down phases. Both phosphoethanolamine and phosphocholine headgroups improve droplet
sticking and spreading in comparison with lying-down phases of
fatty acids. The headgroup of diyne PC carries a protruding,
obligate positive charge on the choline group; monolayers of
diyne PC can cause spray-coated nanoscale droplets to resolve
into rodlike features with diameters as little as ∼6 nm and
lengths as great as 100 nm, directionally aligned with the
striping direction of the monolayer, and presumably pinned to
the rows of headgroups.
The capability to direct wetting at length scales below 10 nm
utilizing a noncovalent ligand chemistry has the potential for
broad impacts in applications (e.g., interfaces for nanoelectronics or optoelectronics) that require scalable production
of designed interfacial structures at near-molecular length
scales. Results from the experiments presented here suggest
that for 1D functional assemblies at polar/nonpolar interfaces
that experience restricted ionization due to the largely nonpolar
surroundings, a combination of topographic protrusion and
obligate charge provides a useful framework for templating
directional wetting at sub-10 nm scales.

■

EXPERIMENTAL METHODS

Lipid Monolayer Preparation. 1,2-Bis(10,12-tricosa-diynoyl)-snglycero-3-phosphocholine (diyne PC) and 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (diyne PE) (>99.0% purity)
were purchased from Avanti Lipids (Alabaster, AL). 10,12Pentacosadiynoic acid (≥97% purity) and manganese(II) chloride
tetrahydrate (≥98% purity) were purchased from Sigma−Aldrich (St.
Louis, MO). Sodium chloride (ACS grade) and chloroform
(ChromAR grade) were purchased from Macron Fine Chemicals
(Center Valley, PA). Milli-Q water (≥18.2 MΩ cm resistivity) was
used in all experiments, and all chemicals were used as received
without further puriﬁcation. All polymerizable amphiphiles were
deposited on 1 cm × 1 cm highly oriented pyrolytic graphite
(HOPG, SPI Supplies, West Chester, PA) substrates. These substrates
were freshly cleaved immediately prior to sample deposition. All
experiments were carried out under UV-ﬁltered light to prevent
polymerization in solution.
Self-assembled monolayers of diacetylene-functionalized phospholipids and fatty acids were prepared via Langmuir−Schaefer (LS)
transfer on a KSV-NIMA Langmuir−Blodgett trough (Biolin
Scientiﬁc, Stockholm, Sweden). LS transfer of phospholipids was
carried out by spreading 16 μL of 0.5 mg/mL diyne PE or diyne PC in
CHCl3 on a subphase of 5 mM MnCl2 in 18.2 MΩ cm H2O at 26 °C.
For PCDA, 12 μL of 0.75 mg/mL PCDA in CHCl3 was deposited on a
subphase of 18.2 MΩ cm H2O. After the small amount of CHCl3 used
for amphiphile transfer was allowed to evaporate, trough barriers were
swept inward (3 mm/min each barrier, total trough surface area 75
cm2, decreasing by 3 cm2/min) to adjust the surface pressure. When
the surface pressure reached the required dipping condition (10 mN/
m for diyne PE and diyne PC, 30 Å2/molecule for PCDA), an
automated dipper attachment on the LB trough was utilized to lower a
freshly cleaved HOPG substrate onto the subphase (dip rate = 2 mm/
min) with the cleaved surface facing down, nearly parallel (tilt angle
2−3°) to the liquid interface. After 4 min in contact with the liquid
interface, the HOPG was gently lifted out of contact with the liquid
using the automated dipper. Samples were photopolymerized by
irradiating for 1 h under a 254 nm 8-W UV lamp with approximately 4
cm between the lamp and the sample surface.
AFM Imaging. All AFM topography images were acquired under
ambient conditions using a Veeco MultiMode (Bruker Instruments,
Billerica, MA) instrument in tapping mode with Bruker MPP silicon
probes (P/N RFESP-75, nominal force constant 3 N/m and tip radius
<12 nm), at typical imaging rates of 1 line/s, and amplitude set points
of 280−350 mV.
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ABSTRACT: Precisely tailoring surface chemistry of layered
materials is a growing need for ﬁelds ranging from electronics to
biology. For many applications, the need for noncovalently
adsorbed ligands to simultaneously control interactions with a
nonpolar substrate and a polar solvent is a particular challenge.
However, biology routinely addresses a similar challenge in the
context of the lipid bilayer. While conventional standing phases of
phospholipids (such as those found in a bilayer) would not provide
spatially ordered interactions with the substrate, here we
demonstrate formation of a sitting phase of polymerizable
phospholipids, in which the two alkyl chains extend along the
surface and the two ionizable functionalities (a phosphate and an
amine) sit adjacent to the substrate and project into the solvent,
respectively. Interfacial ordering and polymerization are assessed
by high-resolution scanning probe measurements. Water contact angle titrations demonstrate interfacial pKa shifts for the lipid
phosphate but not for the amine, supporting localization of the phosphate near the nonpolar graphite surface.

■

INTRODUCTION

layered material surface enables ligand ordering that can more
strongly resemble SAMs on extended solids.23,26 However,
maintenance of extended π-conjugation in the layer requires
noncovalent functionalization, restricting the choice of
ligands.26 These challenges have impacted the utility of
graphene and other layered materials in many applications.
Monolayers on highly oriented pyrolytic graphite (HOPG)
and graphene are frequently formed on the basis of lying-down
phases of molecules;23,24,26,27 the increased surface area of the
molecule−substrate interaction partially oﬀsets the decreased
per-atom interaction strength of noncovalent (vs covalent)
interactions.23 Two common classes of adsorption motifs
utilized are long alkanes (e.g., 23-carbon tricosane)28,29 and
planar aromatic hydrocarbons (e.g., pyrene, anthracene).24,30 In
noncovalent monolayers, molecule−molecule interactions also
play a more prominent role in monolayer stability. These may
be based on van der Waals interactions between long alkanes
such as tricosane, one or more hydrogen-bonding interactions
(e.g., between planar aromatic molecules that display carboxylic
acids on their peripheries31 or β-strand peptides that hydrogen
bond to form β-sheets32,33), or ionic interactions (e.g., in
MOFs34).
However, even between very long alkanes, intermolecular
forces are relatively weak (∼5 kJ/mol of CH2 between alkane
chains35 and 5−10 kJ/mol of CH2 for alkane−HOPG

Precisely controlling surface chemistry using self-assembled
monolayers (SAMs) and bilayers has been a central focus of
research in both synthetic and biological interfaces.1−4 Much
synthetic monolayer chemistry has its basis in the formation of
SAMs of alkanethiols on gold and the coinage metals,
pioneered by groups including those of Whitesides, Nuzzo,
and Allara in the 1980s.5−8 Standing-up phases of alkanethiol
monolayers form based on a combination of covalent or ionic
molecule−substrate interactions (e.g., Au−S), strong molecule−molecule van der Waals interactions (e.g., between long
alkyl chains) that improve ordering, and a terminal functionality
(e.g., −CH3, −COOH, −NH2, biotin, DNA) that confers
solvent wetting properties and/or selectivity for analytes.8,9 The
surge of interest in colloidal nanocrystals10−15 has further
increased the importance of monolayer chemistry as well as
opened entirely new avenues for control of morphology,
electronic properties, solubility, and analyte binding.16−20
Layered materials (e.g., HOPG, graphene, MoS2)21,22
represent a new frontier in utilizing monolayer chemistry to
control physical properties and solubility23,24 but also introduce
substantial challenges.23,25 In single-layer graphene, for
instance, all atoms are surface atoms and in solution can
actually be coordinated through two faces, promising unusually
high levels of electronic control through the design and spatial
organization of appropriate ligands.23,24 In contrast with
colloidal nanoscopic materials, in which surface curvature
typically decreases ligand ordering, the relative ﬂatness of a
© 2016 American Chemical Society
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interactions ). Thus, an extension of this strategy involves
noncovalent functionalization using lying-down phases of
reactive molecules, followed by polymerization within the
layer.37−39 One such route is based on self-assembly of longchain carboxylic acids derivatized with an internal diyne that
can be photopolymerized to yield a conjugated ene−yne
polymer.37,40−42 A number of studies have examined this
reaction on HOPG,37,43,44 graphene,45 and MoS2,42,46 due to
interest in the conductive ene−yne as a molecular wire. Such a
strategy can produce monolayers that exhibit some solvent
stability,39,47 but a new challenge arises. Early work on
monolayers on bulk metals has demonstrated that functional
groups positioned adjacent to a hydrophobic monolayer
interface undergo large pKa shifts (frequently 4 units or
more) due to the inability of the interface to stabilize the
charged form of the molecule.48,49 These shifts mean that
groups such as carboxylic acids and amines may be
predominantly neutral near pH 7 (for instance, in biological
buﬀers), substantially altering their chemical behavior.
Interestingly, a vast amount of biology involving weak acids
and bases occurs in a very similar chemical environment: at the
periphery of the cellular membrane. Cellular membranes are
largely composed of phosphoglycerolipids (typically 60−
80%),50 in which two long hydrophobic acyl chains connect
through a three-carbon glycerol backbone to a hydrophilic
head. The head is comprised of a phosphate group connected
through a short linker to a terminal functional group that is
exposed at the solvent interface. The nominal phosphate pKa
values of 1.0 for phosphocholine and 1.7 for phosphoethanolamine51 mean that the group will remain charged at
physiological pH (7.4), even if it undergoes an interfacial pKa
shift. Additionally, the structure of the glycerol backbone
facilitates control over headgroup orientation relative to the
hydrophobic chains that root it in the bilayer.
Here, we take advantage of the phospholipid architecture to
develop an atom-eﬃcient interfacial functionalization strategy
that confers the beneﬁts of both standing-up and lying-down
monolayers. Lipids in this “sitting-phase” geometry coordinate
the surface through two nonpolar alkyl legs, allowing the
terminal functional group in the head to project from the
interface (Scheme 1). Leveraging noncovalent assembly and
subsequent polymerization utilizing polymerizable phospholipids makes fundamental and important diﬀerences in the
surface chemistry that enable a new level of control over the
ligand’s substrate and solvent interactions. A critical element of
this strategy is the elevation of the terminal functional groups
above the substrate and the monolayer to reduce interfacial pKa
shifts. Even modest separation also increases steric accessibility,
which has previously been found to facilitate binding of analytes
from solution.52,53

■

Scheme 1. Topochemical Polymerization of Diyne Lipids

diﬀerent from the high molecular weight linear polymers that
would be necessary to stabilize the sitting-phase monolayers
targeted here.
Monolayers of diyne amphiphiles were prepared either by
drop-casting a small amount of dilute amphiphile in organic
solvent or through Langmuir−Schaefer deposition (see the
Experimental Methods for details). Because monolayers of fatty
acids such as pentacosadiynoic acid (PCDA) have been
prepared previously, we compared self-assembled structures
of PCDA (Figure 1a) and two polymerizable phospholipids:
1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine
(diyne PC, Figure 1b) and 1,2-bis(10,12-tricosadiynoyl)-snglycero-3-phosphoethanolamine (diyne PE, Figure 1c). The
two phospholipids diﬀer only in the structure of the terminal
headgroup functionality; diyne PE terminates in a primary
amine, which may be charged or neutral depending on pH and
solvent, while the diyne PC terminates in a quaternary
ammonium group, which remains charged under all pH and
solvent conditions.
A combination of atomic force microscopy (AFM), semiempirical molecular modeling, and molecular dynamics
simulation was used to examine molecular adsorption
geometry. First, we assessed structural features in AFM images
to address the question of whether molecules assemble head-tohead, creating double rows of headgroups with a ∼6 nm
periodicity (Scheme 1), or head-to-tail, resulting in single rows
of headgroups with ∼3 nm periodicity. Second, because the
molecules can adsorb through two chemically diﬀerent faces,

RESULTS AND DISCUSSION

Self-Assembled Sitting Phases of Diyne Phospholipids. As a starting point for developing a sitting-phase ligand
chemistry for layered materials, we ﬁrst test the ability of
polymerizable diyne phospholipids54,55 to self-assemble into
appropriate structural elements. Previous studies of diyne
phospholipids in standing-phase monolayers and bilayers
indicate that the headgroup tilts; as a result, the two functional
alkyl chains penetrate diﬀerent distances into the bilayer.56
Thus, when the monolayer is polymerized, the two functional
groups join two diﬀerent polymer chains in the membrane,
resulting in low molecular weight cross-linked polymers very
4449
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Figure 1. Modeled structures and AFM images of self-assembled polymerizable amphiphiles on HOPG. The ﬁrst column shows (a) PCDA, (b)
diyne PC, and (c) diyne PE. For each molecule, the second column shows two views of the solvent-minimized molecular structure (top) and a view
of the solvent structure adsorbed to HOPG (bottom). The adsorbed structures were minimized to create the models in the third column, showing
top and side views of each monolayer. In the fourth column, AFM phase images show large domains of molecules oriented epitaxially on HOPG;
high-resolution images in the ﬁfth column reveal lamellar periodicities (∼6 nm) commensurate with the head-to-head models shown in the second
column.

eight diyne lipids each adsorbed to a stack of two graphene
sheets (see the Supporting Information), with all molecules
adsorbed in either a phosphate-down conﬁguration (Figure 2a)
or a phosphate-up conﬁguration (Figure 2b). Additionally,
because the phosphocholine and phosphoethanolamine headgroups are narrower than the combined width of the two alkyl
tails, it is possible to envision that headgroups from adjacent
rows might interdigitate, leading to a conﬁguration in which
phosphates from one row lie next to the terminal amine or
ammonium groups of molecules in the adjacent row. Such an
interdigitated structure would be expected to increase the
robustness of the monolayer, while likely decreasing the solvent
accessibility of the headgroups. Therefore, we created sets of
models in which molecules are initially positioned with
interdigitated headgroups and models in which the rows are
positioned 4 Å further apart, producing a noninterdigitated
initial headgroup conﬁguration. Minimization results in chloroform are presented in Figure 2c, as an energy diﬀerence
between phosphate-down and phosphate-up adsorption geometries, expressed in units of eV/molecule (1 eV/molecule ≈
96 kJ/mol). Both interdigitated and noninterdigitated initial
headgroup conﬁgurations lead to an energetic preference of
0.6−0.7 eV/molecule for the phosphate-down conﬁguration.
Analyzing contributions from van der Waals and electrostatic
interactions, strain, and solvation reveals that the preference

we performed energy minimizations to examine which
adsorption geometry is preferred, an issue that would impact
which functional groups in the head are most solvent-accessible.
AFM images of all three molecules deposited on HOPG
reveal similar striped patterns with domains arranged at ∼120°
angles, characteristic of epitaxy with the hexagonal HOPG
lattice, as expected from previous experiments with diynoic
acids.44 Line scans extracted from high-resolution AFM images
exhibit lamellar periodicities of 6.3 ± 0.1 nm for diyne PE and
6.6 ± 0.1 nm for diyne PC. This is in good agreement with the
modeled widths of double lamellae (6.0 nm for diyne PE and
6.4 nm for diyne PC) plus a van der Waals contact distance.
Importantly, this suggests that the head-to-head structure is
energetically preferred for both phospholipids, since a head-totail arrangement would likely produce features with ∼3 nm
periodicity.
Unlike the diynoic acids, both diyne phospholipids contain a
chiral center in the headgroup, creating multiple possible
adsorption geometries. Phospholipids may adsorb with the
phosphate (−PO2−)− facing the substrate, increasing the
solvent accessibility of the amine (and presumably partly
screening the phosphate charge), or they may adsorb with the
phosphate proximal to the solvent and the amine adjacent to
the surface. To test which conﬁguration is more energetically
favorable, we created models consisting of two adjacent rows of
4450
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Figure 2. Minimizations of amphiphiles in phosphate-down and phosphate-up adsorption geometries. Minimized models of rows of molecules
adsorbed in (a) phosphate-down and (b) phosphate-up conﬁgurations reveal greater tail group ordering for the phosphate-down conﬁguration in
both interdigitated and noninterdigitated headgroup conﬁgurations. (c) Energy diﬀerences between the two adsorption conﬁgurations indicate that
the phosphate-down conformation is preferred due to increased van der Waals interactions.

Such a consideration is important in the context of this
surface-templated reaction for two reasons. First, photopolymerization rates for diynes are known to depend strongly
on the distance between the two bond-forming carbons in the
crystal. In 3D crystals of smaller diynes (particularly ptoluenesulfonate hexadiyne),57,58 increases of 1.0 Å between
the bond-forming carbons correspond to a 2-fold decrease in
polymerization rate. Similar constraints hold in 2D domains of
diacetylene; in addition to decreasing polymerization eﬃciency
with increasing separation between bond-forming carbons,
studies of diynoic acids on HOPG and MoS2 suggest
diﬀerences in organization and polymerization behavior based
on diﬀerences in lattice constants and work functions of the
substrates.42,46 For instance, on MoS2, polymerization eﬃciency
is ∼4 times higher than on HOPG, due to the increased
conformational freedom aﬀorded to alkyl chains in weaker
epitaxy with the MoS 2 lattice. 46 A second structural
consideration for polymerization is that the diyne functional
group undergoes a rotation of ∼45° in the plane of the
substrate in order to join the growing ene−yne polymer
chain.57 Therefore, it is possible that the additional constraints
placed on chains joined through a headgroup would prevent
them from undergoing polymerization.
With these considerations in mind, we compare the average
distance (D10−13) between bond-forming carbons (C10 of one
chain and C13 of the adjacent chain) in monolayers of PCDA
with those for the diyne phospholipid monolayers we form
here. In calculating the C10−C13 distances for lipids, we
examine pairs of chains both within a single molecule and
between adjacent molecules. Minimized models of the diyne
lipids show D10−13(diyne PC) = 4.1 Å, comparable to
D10−13(PCDA) = 4.0 Å. In addition, the initial angle Θ
between the diyne and the lamellar axis is slightly smaller for
the phospholipids (ΘPCDA = 59°, Θdiyne PC = 51°), leading to

arises from increased van der Waals interactions in the
phosphate-down conﬁguration. This is qualitatively visible in
side views of the minimized models (Figure 2a,b) as increased
ordering of the tail groups for phosphate-down structures in
comparison with those of phosphate-up structures.
On the basis of modeling, it is not evident whether
interdigitated headgroups would be preferred; however, a
comparison of calculated and experimental lamellar widths
suggests that the peripheries of the lamellar structures are not
interdigitated. Minimizations of interdigitated structures lead to
slightly smaller calculated average lamellar widths (5.8 nm for
diyne PE and 5.7 nm for diyne PC) than those calculated for
noninterdigitated structures (6.0 and 6.4 nm, vide supra). For
diyne PC in particular (presumably due to the larger steric bulk
of the terminal quaternary ammonium group), this leads to a
relatively large diﬀerence between the modeled structure width
and the structural periodicity observed experimentally in AFM
images. Therefore, we postulate that the surface-adsorbed lipids
adopt a noninterdigitated headgroup organization, which would
increase the steric freedom of the terminal functional groups in
comparison with an interdigitated structure.
Polymerization of Diyne Phospholipids. While individual molecules are relatively weakly adsorbed at the interface,
surface-templated polymerization provides a route for increasing monolayer stability. Because diynoic acid monolayers on
HOPG are known to undergo surface-templated photopolymerization,40,44 it is reasonable to expect the same
reactivity from the diynoic lipids we use here. However, a key
structural consideration prompted us to examine molecular
models to further explore the likelihood of polymerization:
adjacent chains in lipid lamellae are bound together through the
phospholipid headgroup, while the chains in diynoic acid
lamellae are not.
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Figure 3. Energy-minimized molecular models and STM images showing polymerized (a−d) PCDA and (e−h) diyne PC. Minimized models of (b)
unpolymerized PCDA and (f) diyne PC show that the distance between bond-forming carbons (D10−13) and the angle between diyne and lamellar
axis (Θ) are similar for the two molecules. STM images of polymerized (d) PCDA and (h) diyne PC show apparent protrusions corresponding to
the conjugated ene−yne polymer. Highlighting in panel e indicates the alternating alkyl chain orientation probed in Figure 5.

eﬃciency or the formation of an in-plane polymerized phase, as
indicated in the minimized model (Figure 3e).
Because our primary interest is in the wetting properties of
the interface, we use a washing assay to assess the impact of the
polymerization on improving ﬁlm robustness toward solvent.
Samples of unpolymerized and polymerized amphiphiles were
imaged and then subjected to sequential washing and imaging
cycles to understand the extent to which washing removed
molecules from the monolayer. Ethanol was used as a low
surface tension washing solvent. Samples were washed
vigorously with a stream of solvent from a squeeze bottle for
5-s intervals and then blown dry using compressed nitrogen
gas. Figure 4 shows prewash and postwash images for
unpolymerized and polymerized PCDA and diyne PE.
Polymerized PCDA (Figure 4b) exhibits enhanced stability
relative to unpolymerized PCDA (Figure 4a), demonstrating
well-resolved lamellar structures within the domains throughout the washing procedure, although molecules at domain
edges were eroded. The destabilizing eﬀect of washing is also
reﬂected in the increasing streakiness of the domain images,
typically indicative of the presence of loose molecules.
Conversely, a substantial fraction of the surface of the
unpolymerized PCDA sample appeared bare after 5 s of
washing, with only sparsely distributed aggregates of PCDA still
visible, appearing as dark islands in the phase insets. In contrast,
washing unpolymerized diyne PE (Figure 4c) resulted in slow
etching of domain edges, with ∼40% of the surface containing
ordered domains even after 30 s of washing. For polymerized
diyne PE (Figure 4d), etching around domain edges was much
slower, and ∼80% of the surface remained covered after 30 s of
washing. We postulate that the enhanced stability of both
polymerized and unpolymerized phospholipids relative to the
diynoic acids may result from the increased number of alkyl
carbons per molecule.
Molecular models suggest substantial diﬀerences in alkyl
chain orientation between PCDA and the diyne phospholipids

favorable reduced rotational angles relative to PCDA (ΔΘPCDA
= 45°, ΔΘdiyne PC = 34°).
STM images of polymerized diynes are known to exhibit
features with increased apparent height due to formation of the
conjugated ene−yne polymer backbone.4,40 Figure 3 shows
STM images of polymerized diynoic acids (Figure 3d) and
polymerized diyne PC (Figure 3h). Apparent protrusions in the
image appear corresponding to modulations in both the
topography and the local density of electronic states (LDOS).
The relatively small HOMO−LUMO gap in polymerized
diacetylenes vs diacetylene monomers increases the LDOS near
the Fermi level, increasing the probability of electron
tunneling;41 although the native band gap of bulk polydiacetylenes is 2.3−2.5 eV, p-doping from HOPG substrates
can reduce the band gap to as little as 0.5 eV.42 Imaging at
suﬃciently large negative sample biases (here, Vs = −1.5 V)
facilitates a two-step tunneling process that proceeds through
the polydiacetylene wire.41,59 While a number of studies
provide experimental evidence suggesting that PCDA and
other diynoic acids form a polymerized structure in which the
ene−yne polymer is elevated ∼1.4 Å in relation to the
surrounding alkyl chains,40,44 DFT studies suggest that the
lifted and in-plane polymer structures are similar in energy,60
and in our simulations, models of both polymerized PCDA and
diyne PC minimize to in-plane structures, though experimentally we ﬁnd the standard linear features (Figure 3d) observed
previously in STM images of polymerized PCDA. Previous
studies imaging monolayers of long-chain diynes that do not
form hydrogen-bonded dimers between headgroups (e.g.17,19hexatriacontadiyne) ﬁnd a transition from a lifted phase at 220
K to the in-plane conformation at room temperature,61 which
lacks the protruding linear features visible in STM images of
PCDA. Here, while we observe the appearance of some linear
features in STM images of polymerized diyne phospholipids
(Figure 3h), the surface density of such features is lower than
for PCDA, which could indicate either lower polymerization
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Figure 5. PM-IRRAS spectra of ﬁlms of PCDA and diyne PC exhibit
diﬀerences in (a) C−H and (b) CO stretch intensities consistent
with alkyl chain orientation diﬀerences observed in energy-minimized
molecular models.

is expected to impact their ionization and, thus, interactions
with solvents and analytes.
A number of techniques, including diﬀerential capacitance
measurements,63 nonlinear optical spectroscopy,64 and contact
angle goniometry,48 can be used to assess ionization behavior at
interfaces. Here, we use contact angle titration, in which a series
of small droplets of buﬀers with controlled pH are applied to
the interface; the contact angles of the buﬀer droplets change in
pH ranges corresponding to the ionization of functional groups
at the interface.48 Interfacial pK1/2 values are known to diﬀer
substantially from pKas of the same functionalities in solution.
For instance, the pKa of acetic acid in dilute aqueous solution is
∼4.7.65 However, previously it has been shown that both
carboxylic acid-terminated SAMs and oxidized polymer ﬁlms
displaying carboxylic acids typically exhibit pK1/2 values of 7−
8.48 Similarly, pK1/2 values of amines in alkanethiol SAMs
typically decrease relative to pKa values in aqueous solutions.
While the pKa of dilute methylamine in aqueous solution is
10.5,49 one study measured a pK1/2 of 6.5 for an NH2terminated undecanethiol SAM, lower than the measured pK1/2
of 7.4 for a COOH-terminated undecanethiol SAM measured
in the same work.49 Both shifts can be understood by
considering the equilibrium between charged and neutral
forms of the molecules; in both amines and carboxylic acids,
proximity to the nonpolar interface decreases stabilization of
the charged form of the functional group, shifting the
equilibrium toward the neutral form. Similarly, pK1/2 has
been shown to vary with the surface density of functional
groups in a SAM.48 For a 75% COOH-terminated alkyl SAM,
the measured pK1/2 was 8.5, while for a lower-coverage 15%
COOH-terminated alkyl SAM, the pK1/2 shifted as high as 11.
Both surface shifts and those due to fractional coverage are
important in predicting the ionization behavior of functional
groups in the monolayers prepared here. Figure 1a shows that
for PCDA monolayers, approximately 10% of the surface
consists of ionizable functional groups. However, the chemical
environment of the carboxylic acid groups is more similar to
that which would be found in a high-percentage COOHterminated alkyl thiol SAM, since the functionalities are
clustered at the lamellar edges.
Figure 6 shows the results of contact angle titrations for
pentacosane, PCDA, diyne PC, and diyne PE. For ﬁlms of
pentacosane (Figure 6a), a 25-carbon alkane, on HOPG,
contact angles are ∼98° across the tested pH range (1−13).
For PCDA (Figure 6b, squares = advancing, circles = receding),
contact angles are lower than for pentacosane due to the
introduction of the polar carboxylic acid functional group.

Figure 4. Solvent washing assay for unpolymerized and polymerized
PCDA (a and b) and diyne PE (c and d) shows the enhanced stability
of polymerized monolayers in comparison with unpolymerized
monolayers and increased stability of diyne PE vs PCDA. Insets of
panels a and b show phase images of the entire images or the
corresponding scanned areas marked by the black square.

(Figure 3a,e). In PCDA, strong hydrogen-bonding interactions
in carboxylic acid dimers order the headgroups, and tails form a
tightly packed lattice with the zigzag backbone of the alkyl
chains parallel to the HOPG surface.40 In contrast, our models
suggest that the lipid headgroups are somewhat disordered due
to the three-dimensional geometry around the glycerol
backbone. Our models also suggest that the lipid tail groups
form an unusual structure in which the alkyl chains alternately
zigzag parallel and perpendicular to the HOPG surface
(highlighted in Figure 3e). Polarization modulated IR reﬂection
absorption spectroscopy (PM-IRRAS)62 measurements of ﬁlms
of PCDA and diyne lipids on HOPG exhibit substantial
diﬀerences in C−H stretch intensity (Figure 5a) consistent
with this diﬀerence in ordering. Ester CO stretch peak
intensities for diyne PC are also reduced relative to PCDA C
O stretch intensities (Figure 5b), consistent with energyminimized models, suggesting that the ester linkage adopts a
variety of conﬁgurations relative to the surface normal, in order
to bring the two diynes into alignment as the lipid conforms to
the graphite surface.
Controlling the Charge State of Surface Functional
Group Patterns. The diﬀerence in placement of the
phosphate and amine functional groups relative to the interface
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Figure 6. Contact angle titrations showing changes in contact angle with buﬀer pH for HOPG with adsorbed (a) pentacosane, (b) polymerized
PCDA, and (c) polymerized diyne lipids PC and PE. Square markers indicate advancing contact angles; circles indicate receding contact angles. Error
bars indicate the standard deviation in angle over a series of nine measurements acquired from three diﬀerent samples.

a sigmoidal ﬁt (blue line). Therefore, while the pK1/2 is shifted
due to the nonpolar environment at the interface, clustering the
carboxylic acid groups at lamellar edges decreases the pK1/2
relative to the value of 11 measured previously for 15% COOHterminated standing phases of alkanethiol SAMs on Au(111).48
In contrast with PCDA, diyne PC (Figure 6c, red squares =
advancing; red circles = receding) has a terminal quaternary
ammonium group that remains charged across the pH range,
leading to advancing contact angles ∼74°, similar to those for
the ionized form of PCDA. Although the ammonium group
remains charged, at low pH, the phosphate group can become
protonated. While the solution pKa for a phosphocholine
phosphate is 1, here we observe a pK1/2 of approximately 5.9,
consistent with the interfacial pKa shift of the carboxylic acid in
PCDA. Similarly, for diyne PE, an increase in receding contact
angle is observed at low pH (Figure 6c, yellow circles), with a
calculated pK1/2 = 4.9. This sigmoidal ﬁt was calculated using
additional data points below pH 3 to improve accuracy (see the
Supporting Information).
The diyne PE primary amine has a solution pKa of 11. A
small increase in the advancing contact angle is observed near
pH 11 (Figure 6c, yellow squares), consistent with neutralization of the amine. No corresponding increase in receding angle
is observed (Figure 6c, yellow circles), presumably because the
phosphate group remains charged and can inﬂuence the
receding angle more strongly than the advancing angle.
Importantly, this suggests that the diyne PE amine does not
undergo a signiﬁcant interfacial pK1/2 shift due to its separation
from the hydrophobic interface and the proximity of the
charged phosphate group.

Below pH 5, the carboxylic acids are neutral, leading to
advancing contact angles of ∼84°. We correlate this decrease
with the fractional surface coverage of carboxylic acids using a
modiﬁed form of the Young−Dupré equation for interfaces
with nanoscale chemical heterogeneity:66
(1 + cos θPCDA)2 = falkyl (1 + cos θalkyl)2 + fCOOH
(1 + cos θCOOH)2

Using the measured contact angle of 98° for alkyl chains
aligned epitaxially on HOPG, 84° for neutral PCDA, and 30°
for neutral COOH groups (value observed in previous contact
angle measurements on 100% COOH-terminated alkyl thiol
SAMs48), the observed decrease in contact angle relative to
pentacosane would be expected for an 18% surface coverage of
neutral carboxylic acid groups, consistent with moderate
disordering of the COOH groups during wetting. We note
that it is not entirely clear that the contact angle for a lyingdown phase of COOH dimers would be exactly the same as
that (30°) for a standing phase of alkanethiol-terminated
COOH groups and that, if the bond dipoles in the carboxylic
acid are oriented in the plane of the monolayer, this would lead
to a somewhat higher water contact angle. Using a larger
contact angle in the above equation results in a higher
calculated f COOH, implying more disordering at the interface
and a disruption of the COOH dimers along the periphery of
the lamellar structure. This reorientation would produce
hydrophilic areas with unpaired −COOH groups more closely
resembling standing-phase COOH-terminated alkanethiols.
Thus, the calculated hydrophilic surface coverage of 18%
should be considered an approximate but reasonable minimum.
With increasing pH, the carboxylic acids begin to ionize,
further decreasing both advancing and receding angles. On the
basis of the receding angles (blue circles), in which the larger
change in contact angle makes the transition more evident, we
estimate an onset of ionization at pH 5 and a pK1/2 of 9.5, using

■

CONCLUSIONS AND PROSPECTS

Here, we have demonstrated a route for functionalization of
layered materials based on sitting phases of polymerizable
lipids. The lipids contain multiple functional groups (phosphate
and amine or ammonium) that are precisely positioned relative
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control electronics (RHK Technology, Troy, MI). STM tips were
prepared mechanically from Pt/Ir alloy wire (Goodfellow, Pt 90%, Ir
10%). Imaging was performed in constant current mode with a tip bias
of 1.5 V and tunneling current set point of 7 pA.
Energy Minimization. Software packages Maestro46 and Macromodel47 (Schrodinger,
Cambridge, MA) were used, respectively, to
̈
visualize the structures of phospholipids and fatty acids on graphene
and to perform the force ﬁeld minimizations and molecular dynamics
simulations. All models were minimized using the OPLS_2005 force
ﬁeld,48 with normal cutoﬀs for van der Waals, electrostatic, and
hydrogen-bonding interactions. Minimizations were performed using
the Polak−Ribiere conjugate gradient (PRCG) algorithm and gradient
method with 50 000 runs and a convergence threshold of 0.05. Most
minimizations converged in less than 10 000 runs. For all calculations,
atoms in the graphene sheets were frozen, to more closely mimic the
structure of HOPG. Thus, while they contributed to the forces present
in the system, their positions did not change in response to
conformational changes of the adsorbed amphiphiles. For simulations
using aqueous buﬀers, molecular dynamics simulations were carried
out using explicit water and ions to simulate 5 mM MnCl2 (see the
Supporting Information). Brieﬂy, 1680 water molecules, 19 Mn2+ ions,
and 38 Cl− were positioned with appropriate spacings over graphene
sheets identical to those used in chloroform and solvent-free
minimizations. Molecular dynamics simulations were run for 200 ps;
models were subsequently reminimized and energy values tabulated as
for other models.
Contact Angle Titrations. Contact angle titrations were
performed using an Attension Theta optical tensiometer (Biolin
Scientiﬁc, Stockholm, Sweden) in sessile drop mode. Buﬀers with 20
mM buﬀering capacity at a range of pH values from 1 to 14 were
purchased from Sigma-Aldrich and used as received. The pH of each
buﬀer was measured prior to utilization in contact angle measurements
to ensure that the measured pH was within 0.2 units of the stated pH.
For each measurement, a 5-μL droplet of buﬀer solution at the stated
pH was deposited on a prepared sample of polymerized amphiphile on
HOPG, and the contact angle was measured within 10 s and recorded
as the advancing contact angle. Subsequently, solvent was withdrawn
from the droplet using a syringe with a 32-gauge needle, until the
solvent front on the sample receded. The contact angle was measured
at this point and recorded as the receding contact angle. Each contact
angle graphed in the paper represents the average of nine points (three
points measured on each of three diﬀerent samples). Typically, it was
possible to acquire a grid of nine measurements per 1 × 1 cm sample.
PM-IRRAS. Spectra were acquired using a custom-built PM-IRRAS
spectrophotometer. The infrared light source, interferometer, and data
collection and processing were provided by a Nicolet iS50R
spectrometer (Thermo, Waltham, MA). All optical components
were purchased from Thorlabs (Newton, NJ) unless otherwise
speciﬁed. The infrared beam was passed from the spectrometer exit
port into a polycarbonate enclosure and directed through a KRS-5 lens
at a 70° incidence angle using AR coated gold mirrors. The beam then
passed through a holographic BaF2 linear polarizer set at an angle of
45° relative to the optical axis of a Hinds Series II ZNS50 photoelastic
modulator (Hinds Instruments, Portland, OR), which modulated the
beam at a 50 kHz frequency with the half-wave retardation set to 2100
cm−1. The beam was then focused onto the sample and reﬂected
through a second BaF2 linear polarizer, which was adjusted to
minimize the polarization eﬀects of the substrate. Finally, the light was
focused through a BaF2 lens onto a HgCdTe high D* detector
(Thermo, Waltham, MA). Spectra were acquired at 8 cm−1 resolution
and normalized by dividing a spectrum of the substrate with a
monolayer by a spectrum of a bare substrate.

to the layered material interface. Because the phosphate sits
close to the interface, it experiences a pKa shift characteristic of
functional groups at hydrophobic interfaces; conversely, the
terminal primary amine in diyne PE, which projects just a few
angstroms above the interface, maintains its standard solution
ionization behavior. This diﬀerence points to the ability to
tailor chemical characteristics of the interface by varying the
functionalities present in the lipid headgroup and their
positions relative to the interface.
On the basis of the diversity of natural lipids (over 100
unique lipids have been identiﬁed to date),50 it is reasonable to
suppose that a large amount of structural and chemical diversity
can be introduced into monolayers using this strategy. In
biology, lipids are known to play roles in stabilizing membrane
curvature and junctions, protein interactions, regulating cell
growth, and biosynthetic pathways, suggesting the possibility
that similarly diverse functions could be stably integrated with
layered materials.

■

EXPERIMENTAL METHODS

Amphiphile Monolayer Preparation. Diacetylene-functionalized
phospholipids and fatty acids were purchased from suppliers indicated
and used as received: 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3phosphocholine (Avanti Lipids, Alabaster, AL, >99.0% purity), 1,2bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (Avanti,
>99.0% purity), 10,12-pentacosadiynoic acid (Sigma-Aldrich, St.
Louis, MO, ≥97.0% purity), and 10,12-nonacosadiynoic acid (Tokyo
Chemical International, Tokyo, Japan, >97.0% purity). Chloroform,
hexane, and isopropyl alcohol (ChromAR grade) were purchased from
Macron Fine Chemicals (Center Valley, PA) and used as received.
Self-assembled monolayers of diacetylene-functionalized lipids and
fatty acids were prepared either by drop-casting or Langmuir−Schaefer
(LS) deposition as described below. In both techniques, polymerizable
amphiphiles were deposited on 1 × 1 cm highly oriented pyrolytic
graphite (HOPG, SPI Supplies, West Chester, PA) substrates, which
were freshly cleaved immediately prior to sample deposition. All initial
steps in the deposition process were carried out under UV-ﬁltered light
to prevent polymerization in solution.
For samples prepared by drop-casting, monolayers of lipids and
fatty acids were formed by placing 6 μL of a 0.015−0.017 mg/mL
solution of the functional molecule in a 3:2 (v/v) mixture of
hexane:isopropyl alcohol on a heated (90−107 °C) HOPG substrate.
LS deposition was performed using a KSV-NIMA Langmuir−Blodgett
trough (Biolin Scientiﬁc, Stockholm, Sweden). For the deposition of
fatty acids, 12 μL of a 0.75 mg/mL solution of fatty acid in chloroform
was deposited on a subphase of deionized water (∼18 MΩ). For
phospholipid monolayers, deposition was performed by spreading 15−
20 μL of a 0.5 mg/mL solution of lipid in chloroform onto a subphase
of aqueous 5 mM MnCl2. After the small amount of chloroform used
for amphiphile transfer was allowed to evaporate, trough barriers were
slowly moved inward to adjust the surface pressure. When the surface
pressure reached 10 mN/m, the HOPG substrate was slowly lowered
onto the subphase with the cleaved surface facing down, parallel to the
liquid interface. After 4 min in contact with the liquid interface, the
HOPG was gently lifted out of contact with the liquid using the
automatic dipper.
Diacetylene-functionalized amphiphile monolayers prepared using
the described procedure were photopolymerized by 1 h of irradiation
under a 254-nm 8-W UV lamp with approximately 4 cm between the
lamp and the sample surface.
AFM Imaging. All AFM measurements were performed under
ambient conditions using a Veeco MultiMode (Bruker Instruments,
Billerica, MA) instrument in tapping mode with Nanoprobe
(Neuchatel, Switzerland) PPP-FM or RFESP-75 tips (nominal force
constant 3 N/m and radius of curvature <10 nm).
STM Imaging. STM images were acquired using a custom-built
ambient STM67−69 with a Besocke-type head design and RHK-R9
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